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RESEARCH  OBJECTIVES 


Introduction 

The  research  effort  reviewed  in  this  report  reflects  a  transition  in  specific  objec¬ 
tives,  while  continuing  to  be  directed  at  the  development  of  monolithic  microwave 
acoustic  structures.  Although  considerable  progress  has  been  achieved  at  frequencies  of 
up  to  a  few  hundred  MHz.  little  or  nothing  is  known  of  the  behavior  of  thin  film  monol¬ 
ithic  devices  at  microwave  frequencies  (above  K.’hz),  The  emphasis  of  the  research  pro¬ 
gram,  therefore,  has  been  shifted  to  the  exploration  of  the  limits  of  several  materials 
and  configurations  at  higher  frequencies  with  the  objective  of  determining  the  dom¬ 
inant  factors  (such  as  the  relationship  between  propagation  loss  and  film  microstruc¬ 
ture)  which  act  to  limit  device  performance.  The  change  in  emphasis  is  greatly  facili¬ 
tated  by  the  installation  of  a  high  resolution  electron  beam  lithography  system;  the 
installation  is  to  be  completed  in  the  month  of  November  198-1.  At  the  same  time  we 
have  greatly  increased  the  sophistication  of  our  materials  preparation  and  characteriza¬ 
tion  capability  through  our  involvement  in  the  growth  of  films  by  molecular  beam  epi¬ 
taxy.  Routine  collaborations  with  Professor  N.  Otsuka  has  added  high  resolution  (3 A ) 
transmission  electron  microscopy  to  our  capability.  The  information  resulting  from 
interface  imaging  is  expected  to  prove  critical  in  the  preparation  of  very  thin  (dictated 
by  higher  frequencies)  oriented  piezoelectric  films. 

Finally  it  is  important  to  observe  that  although  SAW  devices  have  developed  into 
a  mature  technology  for  high  speed  signal  processing  in  the  50-500  MHz  range,  they 
have  had  only  a  tenuous  connection  to  the  areas  of  integrated  electronics  and 
integrated  optics.  We  perceive  two  main  reasons  why  a  widespread  integration  has  not 
occurred  despite  the  obvious  motivation: 

1.  Incompatibility  of  substrates;  SAW  technology  is  centered  around  lithium  niobate 
and  quartz,  while  integrated  electronics  is  based  on  silicon  and  gallium  arsenide, 
with  integrated  optics  involving  lithium  niobate  and  gallium  arsenide. 

2.  Incompatibility  of  dimensions:  The  wavelengths  used  in  SAW  devices  are  typically 
10-30  // m;  these  values  are  large  compared  to  the  dimensions  associated  with  either 
integrated  electronics  or  optics. 

To  overcome  these  inherent  problems  we  are  proposing  a  novel  and  unique 
approach  using  high  frequency  (Kill/  and  above)  guided  acoustic  waves  in  an  AKJaAs- 
CiaAs-AIGaAs  structure.  The  initial  effort,  commencing  during  the  current  reporting 
year,  is  described  in  section  A  of  this  report. 
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Specific  Results 

A.  Double  heterostructure  Waveguides 

Our  most  recent  work  involves  studies  of  an  AlGaAs-GaAs-AlGaAs  structure. 
AlGaAs  has  an  acoustic  wave  velocity  which  is  20  to  25pe  higher  than  GaAs.  As  a 
consequence,  an  acoustic  wave  can  be  guided  along  the  buried  GaAs  layer.  These 
waves  have  the  following  attractive  features: 

1.  Substrate  compatibility:  integrated  electronics  and  integrated  optics  are  both  cen¬ 
tered  around  GaAs. 

2.  Dimensional  compatibility:  the  acoustic  energy  resides  in  a  buried  layer  away  from 
the  surface.  The  scattering  losses  associated  with  the  surface  are  minimized,  and  it 
should  be  possible  to  propagate  acoustic  waves  with  frequencies  exceeding  lGIIz; 
losses  due  to  the  interface  are  expected  to  be  minimal,  since  light  waves  with  simi¬ 
lar  wavelengths  are  known  to  propagate  well  in  these  structures.  The  associated 
acoustic  wavelengths  are  1/im  or  less,  and  hence  compatible  to  typical  optical 
wavelengths. 

3.  Compatibility  of  Configuration:  In  alt  AlGaAs-GaAs-AlGaAs  both  acoustic  and 
optical  waves  are  guided  along  the  GaAs  layer  so  that  large  acousto-optic  interac¬ 
tions  should  be  possible.  Moreover,  MODFHT’s  which  are  becoming  increasingly 
popular  also  use  exactly  the  same  structure. 

We  believe  that  the  possibility  of  using  the  same  identical  structure  for  integrated 
electronics,  optics  and  acoustics  is  rather  unique  and  this  can  lead  to  a  whole  new  field 
of  integrated  acoustics  which  will  be  compatible  with  both  integrated  electronics  and 
integrated  optics.  A  true  integration  of  these  technologies  could  have  a  significant 
impact  on  both  the  areas  of  acousto-optics  and  acousto-electronics. 

3.  Implanted  Isolated  Storage  Correlator 

During  the  past  year  a  new  configuration  for  a  monolithic  storage  correlation  was 
conceived,  constructed,  and  tested.  The  new  device  is  called  an  Implant  Isolated 
Storage  Correlator  and  utilizes  an  ion-implanted  array  to  isolate  sampled  signal  storage 
regions.  The  device  is  simple  to  fabricate,  requiring  neither  pn  or  Schottky  diode 
arrays  for  cignal  storage.  The  memory  function  is  accomplished  through  alteration  of 
depletion  widths  of  MOS  induced  junctions  with  storage  times  longer  than  previous 
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monolithic  configurations.  A  complete  description  of  the  implant  isolated  memory 
correlator  is  found  in  the  preprint  manuscript  for  the  invited  paper  included  as  Appen¬ 
dix  A. 

C.  Theory  For  Perturbations  in  Layered  Media 

Appendix  B  contains  a  copy  of  the  invited  paper  delivered  at  the  1983  IKKK  Ultra¬ 
sonics  Symposium.  This  work  represents  the  first  computation  for  the  prediction  of 
wave  reflection  and  Rayleigh-Sezawa  mode  conversion  produced  by  ion-milled  grooves 
in  monolithic  thin  film  acoustic  devices.  The  theoretical  estimates  conform  closely  to 
experimental  measurements.  Further  details  concerning  the  theory  of  mode  conversion 
produced  by  grooved  arrays  in  layered  media  are  given  in  the  report  of  our  article  in 
the  Journal  of  Applied  Physics  (Appendix  (’). 

D.  Mode  Conversion  Resonator 

Theoretical  considerations  related  our  recently  proposed  mode  conversion  resonator 
have  led  to  predictions  of  a  SAW  resonator  whose  transducer  position  in  the  cavity  is 
not  a  critical  design  parameter.  This  rather  surprising  result  has  important  implica¬ 
tions  for  the  fabrication  of  SAW  resonators,  as  critical  alignment  steps  can  be  elim¬ 
inated.  Furthermore,  the  grooved  reflector  array  and  aluminum  transducer  can  be 
defined  in  separate  fabrication  steps;  an  advantage  not  possible  with  pievious  SAW 
resonators.  Mode  conversion  resonators  utilizing  this  relaxed  spacing  requirement  are 
being  examined  in  both  one  and  two  port  configurations.  The  initial  results  of  this 
effort  will  be  presented  at  the  1981  IKKB  Ultrasonics  Symposium. 


E.  High  Q  Resonators 

During  the  past  year  we  addressed  the  problem  of  achieving  Q  values  for  the  on- 
silicon  resonators  which  are  greater  than  the  12,000  we  previously  reported.  Since  the 
ZnO  layer  contributes  to  the  propagation  loss,  and  hence  to  a  reduction  in  Q,  "r>  have 
fabricated  externally  coupled  resonators  with  ZnO  limited  to  the  regions  of  transduc¬ 
tion.  in  the  externally  coupled  device  configuration  resonant  at  110  Mllz  we  obtained 
Q  values  of  25,900  for  propagation  on  Si02-Si,  and  up  to  31.100  for  propagation  on 
unoxidized  silicon.  Details  of  this  work  were  reported  at  the  1983  IKKK  Ultrasonics 
Symposium,  and  the  Proceedings  paper  is  included  as  Appendix  I).  We  are  currently 
involved  in  the  fabrication  of  high-Q.  ZnO-limited  resonators  in  an  internally  coupled 
resonator  configurat ion. 
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APPENDIX  A 

1MPLANT-1S0I  ATI'U)  SAW  bTOIfACK  COliKKIJVTOli 

S  S  Schwarts,  H.  L  Ciunshor,  and  k  P.  Pierret 
School  of  Electrical  Engineering,  Purdue  University, 

West  Lafayette.  In.  47907 

AllbTKALT 

The  development  of  surface  acoustic  wave  (SAW)  convolvers  and  correla¬ 
tors  is  first  reviewed  This  is  followed  by  the  introduction  of  a  new  type  of 
monolithic  melal-2inc  oxide-silicon  dioxide-silicon  storage  correlator.  Fabri¬ 
cation  and  operation  of  the  implant  isolated  storage  correlator,  which  relics 
on  ion  implantation  for  confinement  of  storage  regions,  is  next  detailed  A 
capacitance-time  measurement  procedure  for  evaluation  of  the  charge 
storage  capability  of  the  device  is  described,  and  correlation  output  informa¬ 
tion  is  used  to  estimate  the  effective  recombination  rate  of  the  inversion 
layer  charges.  Finally,  operational  characteristics  are  examined  and  the  new 
bias  stable  device  is  shown  to  exhibit  a  3  ULi  storage  time  in  excess  of  0  b 
seconds.  The  cited  storage  time  exceeds  reported  storage  times  of  oLher 
structures  fabricated  in  the  ZnO/  Sit)*/  hii  layered  medium  configuration 


2 


1.  INTRODUCTION 


Surface  acoustic  wave  convolvers  and  memory  correlators  are  devices 
which  utilize  the  nonlinear  interaction  of  the  electric  field  associated  with 
acoustic  waves  in  a  piezoelectric  medium  to  perform  real  time  multiplication 
of  two  signals  A  representative  monolithic  metal-piezoelecLric  film-SiO^-Si 
convolver  is  shown  in  Fig  1  The  piezoelectric  layer  enables  one  to  excite 
surface  acoustic  waves  in  the  silicon  by  applying  rf  signals  to  mterdigitated 
transducers  on  the  surface  of  the  substrate  The  electric  held  pattern  pro¬ 
duced  by  fingers  of  alternating  polarity  induce  periodic  time  and  spatial 
stresses  in  the  piezoelectric  layer,  ther  eby  exciting  a  surface  acoustic  wave. 
Associated  with  each  propagating  surface  wave  is  an  accompanying  electric 
field.  It  is  the  nonlinear  interaction  within  the  semiconductor  between  the 
electric  field  patterns  of  two  contra -propagating  waves  that  produces  a  signal 
proportional  to  the  product  of  the  two  acoustic  signals  at  every  point  in  the 
device.  The  function  of  the  third  electrode,  known  as  the  gate,  is  to  sum  the 
product  signal  over  the  length  of  the  device  When  two  signals  are  applied 
simultaneously  to  the  two  transducers,  Ihe  output  at  the  gate  is  proportional 
to  the  time-compressed  convolution  of  the  two  signals 

The  development  of  monohtluc  SAW  devices  has  emphasized  the  use  of 
ZnO  and  AIN  as  piezoelectric  films  Although  ZnO  has  received  the  most 
attention,  AIN12  has  some  attractive  feu'  jres  related  to  ruggedness  and  the 
potential  for  low  dispersion  Doth  materials  Can  be  utilized  to  achieve  a  tem¬ 
perature  stable  configuration 

It  should  be  noted  that  the  Fig  1  configuration  is  but  one  of  several  ways 


to  realize  the  piezoelectric-semiconductor  interaction  For  example,  a 
separated  medium  technique  has  been  employed  where  a  semiconductor  (Si) 
and  a  bulk  piezoelectric  crystal  (usually  LiNb03)  are  mounted  in  close  prox- 
UjutyM.O, e,?,b  separated  medium  structure,  although  mechanically 

more  complex  than  a  monolithic  configuration,  has  a  wide  bandwidth  capabil¬ 
ity8  as  a  result  of  the  high  electromechanical  coupling  coefficient  of  LiNbOj 
To  increase  the  bandwidth  capability  of  devices  fabricated  m  the  monolithic 
Zn0/Si08/Si  system,  thereby  making  them  more  attractive  as  practical  sig¬ 
nal  processing  devices,  higher  electromechanical  coupling  was  sought  by 
employing  a  higher  order  Rayleigh  mode  It  has  been  shown  that  the  second 
order  or  Sezawa  mode  of  the  layered  Zn0/Si02/Si  configuration  can  be 
efficiently  excited  in  high  quality  films10.  The  electromechanical  coupling 
coefficient  available  from  this  mode  exceeds  that  for  Rayleigh  waves  in  bulk 
ZnO.  and  is  close  to  the  value  for  LiNbCF,  Several  convolvers  and  diode 
storage  correlators  which  exploit  the  bandwidth  advantage  of  the  Sezawa 
mode  have  been  reported11’ 12>  13’ 14 

Convolvers,  it  should  be  pointed  out,  can  be  used  to  perform  correlation 
between  two  signals.  A  disadvantage  of  correlating  two  signals  using  a  con¬ 
volver  is  that  the  reference  signal  must  be  time  reversed  An  electronic  time 
reversal  technique15  has  been  demonstrated  in  a  convolver  system18,  but  at 
a  sacrifice  of  high  insertion  loss  which  leads  to  a  degraded  dynamic  range 
Additionally,  an  incoming  signal  arriving  at  an  unknown  lime  necessitates 
repeated  application  of  the  reference  signal  to  counter  the  uncertainty  of 
the  arrived  time  which  in  turn  loads  to  a  smaller  effective  time-bandwidth 
product. 
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The  storage  correlator  is  a  device  which  performs  both  convolution  and 
correlation  without  the  need  for  Lime  reversal  and  without  concern  for  the 
uncertainty  of  the  arrival  time  of  the  signal  to  be  interrogated  Hence,  two 

I 

of  the  major  drawbacks  of  performing  correlation  with  the  convolver  system  I 

are  eliminated  by  utilizing  a  memory  correlator 

A  simplified  description  of  the  storage  correlation  process  can  be  given 
witii  the  aid  of  Fig.  2  which  depicts  a  typical  memory  correlator.  Under  nor-  1 

mal  operation,  one  introduces  a  signal  at  one  of  the  transducers  such  that  a 
sampled  version  of  this  reference  signal,  S(t).  is  stored  beneath  the  gale  of 
the  device  by  one  of  several  possible  writing  procedures.  At  some  later 
instant,  but  still  within  the  storage  Lime  of  the  reference  signal,  a  second  sig¬ 
nal.  R(t),  is  applied  to  the  gate  of  the  correlator.  The  introduction  of  R(t)  at 
the  gate  electrode  excites  two  contra-propagating  signals  representing  the 
product  of  R(t)  and  S(t),  which  subsequently  appear  at  the  two  output  trans¬ 
ducers,  it  can  be  shown  that  the  correlation  appears  at  one  transducer,  while 
the  convolution  output  is  available  at  the  other 

To  date,  several  memory  array  configurations  have  been  employed  in 
the  fabrication  of  storage  correlators  Schemes  for  signal  storage  by  means 
of  surface  states17'.  pa  diodes113' 20'  12  21  • 22  antJ  ^chollky  diodes23' ^  26  have 
been  examined  More  recently,  a  new  type  of  junction  storage  correlator  has 
been  introduced26  in  which  the  spatial  variation  of  inversion  layer  charge  at 
the  SiO^/  Si  interface  of  the  ZnO  monolithic  configuration  has  been  utilized 
for  signal  storage  With  the  exception  of  this  "induced  junction"  storage 
correlator,  the  various  storage  schemes  have  been  employed  in  both  monol¬ 
ithic  and  separated  medium  configurations 


The  first  memory  devices  utilized  semiconductor  surface  states  for  sig¬ 
nal  storage*7' ,6.  In  a  surface  state  memory  correlator,  the  electric  field  pat¬ 
tern  associated  with  an  applied  signal  causes  a  bunching  (periodic  spatial 
concentration)  of  free  electrons  at  the  Si/SiOji  interface.  Subsequently,  a 
portion  of  the  electrons  are  trapped  at  the  interface  thereby  producing  a 
spatially  varying  charge  pattern  The  storage  time  of  these  devices 
corresponds  to  the  deUapping  time  wlmh  is  a  function  of  the  properties  of 
the  interface.  Surface  state  storage  was  subsequently  replaced  by  more 
easily  controlled  and  repeaLable  diode  storage  arrays  Mure  recently,  refer¬ 
ence  signal  storage  in  induced  junctions  was  reported26  In  both  diode  and 
induced  junction  array  processes,  the  principle  of  charge  storage  is  essen¬ 
tially  the  same.  Recombination  of  minority  carriers  injected  out  of  a  p* 
region  (or  inversion  layer  in  the  case  of  the  induced  junction  device)  by  an 
applied  signal  causes  an  alteration  of  the  diode  (induced  junction)  depletion 
width. 

The  monolithic  metal/  ZnO/  SiOa/  Si  (MZOS)27-26  memory  correlator 
introduced  this  paper  utilizes  depletion  regions  in  the  silicon  to  store  a  refer¬ 
ence  signal,  but  in  an  MOS  region  of  n-type  silicon  only,  that  is.  no  diodes  or 
surface  states  are  employed  for  storage  furthermore,  the  uncontrollable 
and  often  undesirable  charge  injection  process20-30  2^3*  which  was  used  con¬ 
structively  by  the  induced  junction  storage  correlator  is  successfully  ignored 
in  the  implant  isolated  storage  device 

In  the  following  section  we  present  a  detailed  description  of  the 
implant-isolated  storage  correlator  fabrication  and  operation  as  well  as 
experimental  verification  of  the  existence  of  induced  junction  storage 
regions.  Section  111  consists  of  an  in-depth  discussion  of  charge  storage  in 
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II.  THE  IMPLANT  ISOLATED  STRUCTURE 

Device  Strut: turn 

The  implant  isolated  storage  correlator,  pictured  in  Pig.  3.  consists  of  an 
n-type  10  fi-cm  (100)-cut  silicon  substrate  which  is  ion  implanted  with  phos¬ 
phorus  in  a  grating  pattern  at  the  sample  surface.  Charge  storage,  it  should 
be  noted,  occurs  in  the  non-implanted  regions.  Subsequent  to  the  grating 
region  implantation,  a  wet  oxidation  is  performed  at  900  °C  for  40  minutes. 
This  oxidation,  yielding  a  1000  X  thick  insulating  layer,  simultaneously  pas¬ 
sivates  the  silicon  surface  and  activates  the  implant.  Prior  to  depositing  the 
1.7/zm  ZnO  layer  by  rf  sputtering,  1000  X  thick  aluminum  shorting  planes  are 
evaporated  on  the  substrate  in  the  regions  below  the  transducers  to  enhance 
the  electromechanical  coupling  The  top  aluminum  metallization  paltern 
consists  of  two  pairs  of  single  comb  transducers32  and  a  split  gate  electrode 
arranged  so  as  to  form  a  dual  track  structure33.  The  transducers,  used  to 
excite  Rayleigh  waves,  have  equal  17.75  p m  finger  widths  and  gaps;  the 
center  frequency  of  the  transducer  response  is  128  MHz.  The  separate  comb 
dual  track  structure  is  employed  because  this  technique  has  been  shown  to 
suppress  the  self  convolution  caused  by  reflections  from  the  transducers  By 
slanting  the  gate  metallization  pattern  adjacent  to  the  transducers  one 
minimizes  the  undesirable  output  observed  at  the  transducers  caused  by 
waves  launched  at  the  ends  of  the  gate 

Implant  Isolation  Concept 

Insight  into  operation  of  the  implant  isolated  storage  correlator  can 
best  be  achieved  by  understanding  the  method  m  which  charge  is  stored  in 
the  device.  We  present  a  qualitative  explanation  based  on  typical  n-type  MOS 
capacitance  versus  voltage  characteristics.  To  first  order  the  ZnO  layer  can 


be  modeled  as  a  constant  capacitance  tn  series  with  the  constant  SiU2  layer 
capacitance,  the  combination  can  in  turn  be  modeled  as  a  single  effective 
insulating  layer.  C-V  curves  for  two  structurally  identical  but  differently 
doped  MIS-capacitors  are  displayed  in  Fig  4  Note  that  for  both  devices, 
accumulation  occurs  over  the  same  bias  range  However,  the  onset  of  inver¬ 
sion  occurs  for  different  values  of  capacitor  bias  Suppose  the  two  differently 
doped  devices  were  side-by-side  as  part  of  the  same  substrate  and  covered 
by  the  same  insulator  and  metal  gate.  Under  this  condition  a  range  of  gale 
bias  voltages  would  exist  where  the  iugher  doped  device  would  be  depleted 
and  the  iower  doped  device  would  be  inverted  In  the  implementation  of  the 
implant-isolated  storage  correlator,  higher  doped  depletion  regions  are  used 
to  isolate  the  lower  doped  storage  or  inversion  regions. 

To  achieve  lateral  variations  in  doping  density  one  can  employ  either  ion 
implantation  or  diffusion;  ion  implantation  was  chosen  because  it  offered 
advantages  in  ease  of  fabrication.  Phosphorus  was  implanted  into  the  unoxi- 
dued  silicon  wafer  through  a  photoresist  mask  at  a  concentration  level  of 
6.0X1012/ cni2  using  an  implant  energy  of  Cb  KeV.  The  implant  concentration 
varies  of  course  as  a  function  of  depth  into  the  semiconductor.  An  estimate 
of  the  doping  profile  derived  from  the  C-V  profiling  technique,  however,  indi¬ 
cates  that  the  semiconductor  may  be  approximately  modeled  as  uniformly 
doped  (~10l7/cm3)  m  the  bias  ranges  of  interest.  As  a  result  of  the  ion 
implantation,  a  periodic  grating  pattern  of  alternating  highly  doped  and  lowly 
doped  semiconductor  is  established  beneath  the  gate  of  the  correlator.  The 
periodicity  of  the  grating  corresponds  to  b  /^m  wide  storage  regions 
separated  by  5/^m  wide  implanted  regions  A  simple  electrical  model  for  the 
correlator  gate  appears  in  Fig  5,  while  Fig.  6  shows  experimental  C-V  curves 


derived  from  an  urumplanted  wafer,  a  wafer  implanted  over  its  entire  surface 
area,  and  a  grating  structure  wafer,  (The  rise  m  the  capacitance  of  the  grat¬ 
ing  structure  capacitance  near  -8,0  volts  is  caused  by  lateral  effects.)  It  is 
apparent  from  the  curves  in  Fig  6,  that  one  can  select  a  bias  voltage 
between  -1.0  volts  and  -10  0  volts  such  that  the  inverted  storage  (non- 
lmplanted)  regions  will  be  electrically  isolated  from  one-another  by  depletion 
regions  in  the  implanted  areas.  This  is  the  desired  result  as  illustrated 
schematically  in  Fig.  7.  The  implant-isolated  storage  regions,  however,  in 
contrast  to  those  formed  by  charge  injection  and  trapping  at  the  ZnO/SiOj, 
interface28,  are  established  by  a  repeatable,  well-controlled  fabrication  pro¬ 
cess  and  simple  selection  of  the  proper  operating  gate  bias. 

Verification  of  Sloruye  Uuyion  Isolation 

Subsequent  to  ion  implantation,  implant  activation  during  thermal  oxi¬ 
dation.  and  deposition  of  the  shorting  pad  metallization,  special  gate-pattern 
test  structures  were  formed  directly  on  the  oxidized  silicon  surface  The 
test  structures  were  subjected  to  a  post-metallization  anneal  at  480  °C  for 
five  minutes  to  minimize  the  Si02/  Si  interface  state  concentration. 
Capacitance-versus-time  (C-t)  transient  measurements  were  then  performed 
on  the  SiOg/Si  system  in  order  to  determine  the  storage  capability  of  the 
grating,  and  to  examine  the  effectiveness  of  the  implant  in  isolating  the 
storage  regions. 

The  C-t  transient  results  can  be  readily  explained  with  the  aid  of  Figs  6 
and  8.  Figure  8  shows  a  series  of  capacitance-versus-Lime  characteristics  of 
the  grating  region  when  pulsed  from  an  equilibrium  slate  at  VQ  =  V0  (accu¬ 
mulation)  to  various  voltages  (VA,  Vp.  etc  )  labeled  in  Fig.  6  Trace  A  shows 
the  result  of  pulsing  the  capacitor  from  the  accumulation  reference  bias  V0, 
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to  an  applied  bias  which  is  still  in  accumulation.  As  expected,  there  is  no 
change  in  capacitance  with  time.  Similarly  for  Curve  U,  when  both  the 
storage  and  isolation  regions  are  depleted  the  t>0  capacitance  is  time 
independent,  but  is  lower  because  of  the  increased  depletion  widths  of  the 
two  regions.  Once  the  device  is  pulsed  such  that  the  non-implanted  region 
beneath  the  gate  is  inversion  biased  (curve  C),  the  sudden  pulse  causes  a 
deep  depletion  condition  in  the  non-implanted  region  with  an  accompanying 
finite  relaxation  time  back  to  equilibrium.  The  difference  in  the  C-t  transient 
of  curves  C  and  D  is  that  a  larger  negative  pulse  causes  a  greater  degree  of 
depletion  in  the  implanted  region  and  also  a  greater  deep  depletion  width  in 
the  non-implanted  regions.  After  relaxation,  the  non-implanted  depletion 
Widths  remain  at  their  maximum  values.  However,  the  total  equilibrium 
capacitance  is  lower  due  to  the  larger  depletion  width  in  the  implanted 
region  Once  the  gate  is  pulsed  from  accumulation  to  a  bias  tending  to  invert 
both  the  implanted  and  non-implanted  regions,  the  total  capacitance  always 
relaxes  to  the  same  minimum  value  as  exemplified  by  Curves  E  and  F.  This  is 
true  even  though  a  larger  negative  pulse  deep  depletes  the  capacitors 
farther  and  for  a  Longer  time.  The  existence  of  a  biasing  range  where  the 
device  relaxes  to  a  decreasing  final  capacitance,  followed  by  a  biasing  range 
where  the  final  capacitance  is  always  the  same  independent  of  bias,  is  direct 
verification  of  the  underlying  device  concept  --  implant  isolation  of  the 
storage  regions.  The  biasing  range  over  which  the  device  relaxes  to  a 
decreasing  final  capacitance  corresponds,  of  course,  to  the  set  of  biases  used 
in  the  normal  operation  of  the  storage  correlator. 
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111  C11AKCK  bTOKAllK 


In  Uus  section  a  simple  model  is  presented  to  describe  the  information 
storage  process.  To  gain  physical  insight,  we  first  examine  the  response  of 
the  storage  region  inversion  layer  charge  and  depletion  capacitance  to  a  sin¬ 
gle  narrow  pulse,  After  analyzing  the  c fleet  of  a  narrow  pulse,  the  actual  rf 
signal  is  next  treated  as  a  discretized  sequence  of  narrow  pulses  (details  in 


Appendix). 


Charge  Storage 


Consider  the  application  of  a  narrow  positive  pulse  to  the  gale  of  a  dev¬ 
ice  which  is  biased  for  normal  operation  Under  equilibrium  inversion  condi¬ 
tions,  there  is  a  maximum  depletion  width  associated  with  a  given  gate  vol¬ 
tage.  Application  of  a  short  duration  positive  pulse  Lo  the  gate  while  it  is 
under  equilibrium  inversion  bias  will  cause  the  depletion  width  to  narrow  by 
some  amount  dependent  upon  the  pulse  amplitude  and  duration;  at  the  same 
time,  minority  carrier  holes  in  the  inversion  layer  will  be  injected  into  the 
semiconductor  depletion  region  where  some  will  recombine.  Termination  of 
this  pulse  causes  the  depletion  width  to  instantaneously  assume  a  new  value 
equal  to  its  equilibrium  width  plus  an  increment  dependent  upon  the  amount 
of  minority  carriers  which  recombined  during  the  pulse.  Herein  it  is 
assumed  that  the  recombination  rate  of  injected  holes,  crucial  to  informa¬ 
tion  storage,  cam  be  modeled  by  an  effective  recombination  lifetime,  tk. 
Moreover,  the  generation  of  carriers  during  the  negative  going  portion  of  the 
writing  cycle  can  be  neglected  because,  as  is  obvious  from  the  lengthy 
Storage  times,  the  return  to  equilibrium  is  very  slow  compared  to  the  writing 
recombination  rate.  Surface  states,  traps  in  the  semiconductor  and  ZnO, 
and  charges  in  the  oxides  will  also  be  neglected  because  they  complicate  the 


analysis  without  offering  any  insight  into  the  writing  process. 


As  discussed  in  Section  11,  proper  operation  of  this  device  is  dependent 
upon  the  selection  of  an  appropriate  operating  point  gate  bias.  Assuming 
that  a  bias  of  Vg  has  been  applied  to  the  gate,  one  can,  using  the  6-depletion 
approximation,  calculate  the  inversion  layer  charge  at  Lhe  silicon  surface. 
Because  the  ZnO  layer  is  only  senu-msulating,  Lhe  d.c  charge  applied  to  the 
gate  is  readily  injected  into  the  ZnO  film  and  is  subsequently  stored  in  traps 
adjacent  to  the  ZnO/SiOg  interface.  1  e  .  under  steady-state  conditions  a  vir¬ 
tual  gate  is  formed  at  Lhe  ZnO/SiOL.  interface31  The  ZnO  layer,  therefore, 
can  be  neglected  when  calculating  the  equilibrium  minority  carrier  inversion 
charge  density  whose  magnitude  is  given  by 


qMp ..  o  rt 

C0  V  qNu  q 


(1) 


where  C0  is  the  capacitance  (per  unit  area)  of  the  SiO*  layer,  Nu  is  Lhe  back¬ 
ground  doping  level  of  the  n-type  silicon  substrate,  and  U|?  is  the  substrate 
doping  parameter  The  dielectric  constant  of  the  silicon  is  represented  by 
*cr  the  temperature  by  T,  c0  is  the  permittivity  of  free  space,  and  k  is 
Boltzmann's  constant  The  constant  Up  is  given  by 


Up  =  -  In 


Nd 

n, 


(2) 


where  n,  is  the  intrinsic  carrier  concentration 

Due  to  the  localization  of  injected  charge  at  the  ZnO/SiQ*.  interface,  the 
equilibrium  inversion  luyer  charge  is  independent  of  the  ZnO  layer  capaci¬ 
tance.  However,  this  is  not  true  of  the  inversion  layer  charge  density  when 
there  are  rapid  changes  m  the  gate  bias  For  rf  signals  in  the  frequency 
range  of  interest,  voltage  clainges  are  loo  fast  for  Lhe  gate-injected  electrons 
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to  follow  the  applied  signal  Hence  the  capacitance  of  the  ZnO  layer  must  be 
included  in  any  calculation  of  the  redistributed  surface  charge  The  condi¬ 
tion  just  described  can  be  visualized  more  easily  with  the  aid  of  Fig  9  In 
this  figure,  the  solid  curve  represents  a  normal  C-V  characteristic  for  an  n- 
type  semiconductor;  Vg  is  the  bias  point  In  a  normal  MOb‘  capacitor  one 
would  have  to  pulse  the  gate  to  some  bias  greater  than  VT  to  move  out  of 
inversion  and  into  depletion.  In  the  case  of  a  correlator  with  an  injecting  ZnO 
film,  however,  the  gate  must  be  pulsed  to  V?  (on  the  dashed  curve)  to  be  at 

the  edge  of  inversion.  For  comparison  to  the  redistributed  charge  it  is  there¬ 
fore  more  convenient  to  rewrite  the  equilibrium  inversion  layer  charge  den¬ 
sity  (Eq.  1)  for  a  given  gate  bias  Vc  in  terms  of  and  C|  (the  series  combi¬ 
nation  of  the  ZnO  and  SiOa  capacitances).  The  resulting  expression  for  Q,„q  is 
given  by 


=  C,  +  vTia - 


kT 

q^D  q 


where 


Ci  = 


CsiO*  +  CznO 


(4) 


If  the  applied  pulse  were  of  amplitude  VA,  repeated  applications  of  such 
a  pulse  within  an  interval  that  is  short  compared  to  the  device  storage  Lime 
(~  1  sec)  eventually  leads  to  a  "steady-state"  deep  depletion  condition 
beneath  the  gate  where  the  new  inversion  layer  surface  charge  density,  QA, 


saturates  at 


The  maximum  charge  storage  in  the  implant-isolated  storage  correlator  for  a 
given  VA  is  therefore 


AQ  =  Q*,  -  Qa  =  C,VA  (6) 

Assuming  an  effective  recombination  lifetime,  the  application  of  a  dc 
pulse  of  amplitude  VA  and  arbitrary  duration  tp  changes  the  inversion  layer 
charge  by  an  amount 

AQ„  =  CjVA(l  -  e"lp/T|<)  (7) 

The  expression  for  the  inversion  layer  surface  charge  as  a  function  of  gate 
bias,  applied  pulse  magnitude,  and  applied  pulse  duration  is  given  by 

<UVc.VA.tp)  =  -  C,VA(1  -  e‘VT«)  (8) 

Jf  one  were  to  pulse  the  device  again  immediately  after  the  application  of  the 
first  pulse,  the  starting  inversion  layer  minority  carrier  density  would  be 
Q.(VG.VA,tp)  instead  of  Q**,. 

As  mentioned  above,  the  change  in  surface  charge  caused  by  recombina¬ 
tion  during  a  positive  pulse  of  duration  tp  results  in  an  increase  in  the  deple¬ 
tion  width  of  the  storage  regions,  the  new  depletion  width  is  given  by 


w  Q,(Vc.vA.tp)  ' 

_ 1  A 

Vc - cT^ 

It 

1  •  v 

where 


«,£uqNu 


The  modified  depletion  width  corresponds  to  a  decreased  capacitance  given 
by 


Q.(Vc.va.lp) 


C(Vc,VA.tp)  = 


c 


-  20  - 


1L» 


Effective  Hecombinatian  Lifetime 

An  experiment  was  performed  to  obtain  the  effective  recombination  life¬ 
time,  tr.  Determination  of  tjj  was  accomplished  by  monitoring  the  variation 
in  correlation  output  with  the  number  of  identical  writing  sequences  between 
each  identical  readout  step,  Each  write  sequence  consisted  of  a  l.O^us  gate 
reference  signal  written  by  a  400  ns  rf  writing  signal  which  was  applied  to  one 
transducer  (gate-acoustic  writing  mode).  Kesults  of  this  variable-write 
correlation  experiment  are  shown  in  Fig  10  winch  is  a  senulog  plot  of  one 
minus  the  normalized  correlation  output  versus  effective  write  time 
Effective  write  time  is  simply  the  number  of  writes  performed  between  each 
readout  multiplied  by  the  write  signal  duration  (400  ns).  (It  should  also  be 
noted  that  in  this  experiment  the  time  between  readouts  was  several  seconds 
to  ensure  sufficient  decay  of  the  stored  signal  before  initiating  a  new  write 
sequence.)  The  value  of  Tjj  was  determined  to  be  6  3  /zs  by  fitting  the  eq  (7) 
dependence  to  the  measured  correlation  output. 
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IV.  OBKltATlONAh  CHAltACTKKliJl'lCS 

In  this  section  we  present  experimental  results  for  the  correlation  of  two 
1.0/u.s  rf  bumls  in  order  to  examine  correlator  storage  time,  dynamic  range 
and  efficiency  All  correlation  measurements  were  performed  using  the  rf 
gate-acoustic  writing  mode  and  the  gate-to-ucousLic  reading  mode  It  should 
be  pointed  out  that  the  implant-isolated  stor  age  correlator  presented  in  this 
paper  is  bias  stable,  results  of  all  correlation  measurements  are  totally 
repeatable  at  any  time  without  any  special  precautions,  irrespective  of  the 
previou-  gate  bias. 

A  key  feature  of  the  implant  isolated  correlator  device  is  the  time  the 
device  is  capable  of  storing  a  reference  signal  Figure  11  displays  the  corre¬ 
lation  output  versus  storage  time,  the  data  points  fall  along  the  dashed  curve 
which  corresponds  to  a  3  dB  storage  time  of  0  b6  seconds.  Although  this  is 
certainly  a  long  storage  Lime  compared  to  other  previous  MZOS  correlator 
configurations,  with  advanced  fabrication  procedures  it  is  not  unreasonable 
to  expect  storage  times  of  at  least  several  seconds 

A  plot  of  normalised  correlation  output  versus  gate  bias  is  shown  in  Kig 
12  for  three  different  values  of  read-wnte  power  level  combinations.  Jt  is 
seen  that  for  gate  biases  less  than  a  certain  value,  the  correlation  output 
always  remains  within  65%  of  its  maximum  This  indicates  a  very  wide  bias 
range  over  which  one  may  operate  the  device  without  significant  degradation 
of  the  output  signal  Based  on  theoretical  considerations,  one  might  expect 
that  once  the  d.c.  gate  bias  was  sufficiently  large  to  invert  not  only  the 
storge  regions,  but  also  the  ion  implanted  separation  (and  lateral)  regions, 
then  the  lateral  flow  of  inversion  layer  minority  carriers  from  implanted 
regions  surrounding  the  storage  areas  would  eliminate  the  stored  signal.  The 
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experimental  result  presented,  however,  indicates  that  the1  implanted  region 
Is  of  insufficient  area  to  supply  the  signal  eliminating  flow  of  minority  car¬ 
riers.  Tlie  top  surface  of  the  device  after  sawing  and  mounting  extends 
approximately  one  millimeter  to  either  side  of  the  one  millimeter  wide  gale 
This  area  is  subject  to  lateral  effects  and  should  contribute  to  the  overall 
relaxation,  but  it  is  apparently  too  small  to  degrade  the  output  significantly. 

An  rf  writing  signal  of  140  nanoseconds  (Id  cycles)  was  found  to  produce 
the  highest  correlation  output,  and  this  writing  pulse  duration  was  used  when 
performing  the  correlation  measurements  shown  in  Fig  13.  Figure  13a 
shows  the  correlation  output  versus  the  reference  signal  amplitude  and  the 
result  is  linear  over  a  2b  dB  range  in  correlator  output  power  The  correla¬ 
tion  output  versus  read  pulse  power  can  be  seen  in  Figure  13b,  here  again 
the  dynamic  range  of  the  device  is  approximately  2b  dB.  In  all  measure¬ 
ments  the  correlation  efficiency  is  between  -100  and  -110  dBm  The 
efficiency  and  dynamic  range  of  this  device  are  lower  than  expected  ZnO 
film  quality  during  this  particular  sputter  produced  a  delay  line  insertion 
loss  some  14  dB  more  than  m  previous  devices  with  the  same  dimensions 
(The  same  was  true  for  non-implanted  test  structures  )  A  better  piezoelectric 
film  should  upgrade  both  figures  of  merit  into  the  range  of  previously 
reported  monlithic  memory  correlators 
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IV.  CONCLUSIONS 

A  monolithic  MZOS  surface  acoustic  wave  memuiy  correlator  has  been 
presented  which  utilizes  ion  implantation  to  confine  induced  junction  storage 
regions.  The  storage  time  capability  of  the  device  before  fabrication  is  com¬ 
pleted  has  been  demonstrated  by  means  of  a  pulsed  capacitance-versus-time 
experiment.  A  simple  model  of  the  writing  process  was  detailed  which  allows 
one  to  determine  an  effective  minority  earner  lifetime  for  the  mveision  layer 
charge,  it  has  been  demonstrated  that  3  db  storage  times  in  excess  of  0  a 
seconds  are  achievable  with  the  promise  of  signal  storage  up  to  several 
seconds  Finally,  this  device  exhibits  bias  stability  making  the  implant  iso¬ 
lated  storage  correlator  an  attractive  device  for  use  as  an  on-chip  circuit  ele¬ 
ment 
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FIGURE  CAPTIONS 

Fig  1  Schematic  of  atypical  monolithic  SAW  correlator 

Fig.  2  Correlation  and  convolution  using  a  storage  correlator 

Fig.  3  Schematic  diagram  of  an  implant-isolated  storage  correlator  (a)  Top 
view  of  dual  gate  structure  and  single  comb  transducers,  (b)  Ion 
implantal  ion  pattern  (c)  Side  view  of  completed  device 

Fig.  4  Normalized  C-V  curves  for  typical  MOS  capacitors 

(A)  highly  doped  (1  25X1Q17  /  cm2)  n-Lype  Si 

(B)  moderately  doped  (b.OXlO14  /  cm3)  n-type  Si 

Fig.  5  Electrical  model  for  the  gale  of  the  implant-isolated  storage 
correlator  The  implanted  and  non-implanted  regions  are  denoted  by 
and  CN  respectively.  Ks,  is  the  bulk  silicon  resistance  and  Cj  is  the 
combined  oxide  capacitance 

Fig.  6  Experimentally  determined  C-V  characteristics  derived  from  a  (A) 
totally  implanted  (B)  combined  (grating)  (C)  non-implanted  wafer 
(V*.  VB,  etc.  refer  to  the  curves  in  Fig  d) 

Fig.  7  Schematic  of  charge  storage  regions  (induced  junctions)  established 
beneath  the  gate  of  the  correlator.  Plus  signs  denote  inversion  layer 
charge. 

Fig-  8  Capacitance  versus  time  (C-t  transient)  results  for  applied  pulses 
described  in  the  text. 

Fig  9  (a)  Depletion  width  of  a  single  storage  region  in  inversion  surrounded 

by  depleted  highly  doped  regions  (b)  Energy  band  diagram  drawn 
along  the  SiOg/Si  surface. 

Fig.  10  C-V  characteristics  of  a  typical  MIS  capacitor  (solid  curve)  and  an 
MZOS  capacitor  exhibiting  charge  injection  into  the  ZnO. 

Fig.  1 1  Correlation  output  versus  effective  write  time  displaying  exponential 
dependence.  Solid  curve  corresponds  to  an  effective  minority  carrier 
lifetime  of  th  =  e.3  /xs. 


fig.  12  Correlation  output  versus  storage  time 

Fig  13  Correlation  output  versus  gate  bias  for  diflerent  road-write  power 
level  combinations 

(A)  P*  =  40  1  dBm,  PH  =  30.7  dBm 

(B)  P*  =  37  1  dBm,  Ph  =  33  7  dBm 

(C)  P*  =  34.1  dBm,  Pr  =  30  7  dBm 

Fig.  14  (a)  Correlation  output  versus  reference  signal  amplitude,  (b) 
Correlation  output  versus  read  signal  amplitude 
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IN  LAYERED  MEDIA 
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West  Lafayette,  IN  47907 


Abstract 

We  present  a  simply  theory  for  calculating  the  first- 
order  mechanical  reflection  coefficient  of  surface  acoustic 
waves  due  to  a  strip  overlay.  The  theory  is  applicable  to 
both  single  crystal  and  layered  substrates.  The  substrate 
is  characterized  by  the  particle  velocities  at  the  surface 
due  to  an  unperturbed  surface  wave  carrying  a  given 
amount  of  power  per  unit  beamwidth  while  the  strip 
material  is  characterized  by  its  mass-density  and  elastic 
constants.  With  a  straightforward  extension,  the  theory 
can  be  used  even  when  the  incident  and  reflected  waves 
belong  to  different  modes.  The  theory  is  developed  by 
analogy  with  transmission  lines  (rigorous  derivations  have 
been  presented  elsewhere),  and  the  predictions  are  com¬ 
pared  to  available  experimental  data. 

I.  Introduction 

The  basic  problem  we  wish  to  address  is  as  follows: 
A  surface  wave  of  amplitude  A+  propagating  on  a  sub¬ 
strate  (which  may  be  a  single  material  like  Lithium 
Niobate  or  a  layered  medium  like  Zinc  Oxide-on-Silicon) 
meets  a  discontinuity  at  the  surface  (Fig.  1).  The  discon- 


Fig  1:  (a)  Surface  wave  incident  on  thin-strip  overlay 

(b)  Generation  of  a  reflected  wave  by  stresses 
induced  at  strip-substrate  interface. 


tinuity  may  be  due  to  an  electrode  or  due  to  grooves 
etched  on  the  surface.  We  wish  to  know  the  amplitude  of 
the  reflected  wave,  AA".  Normally  both  the  incident  and 
the  reflected  wave  are  Rayleigh  waves:  however,  in  lay¬ 
ered  media  we  also  have  the  possibility  of  one  of  the 
waves  being  a  Rayleigh  wave  and  the  other  a  Sezawa 
wave.  This  problem  is  in  general  a  very  difficult  one; 
however,  if  the  height  h  of  the  discontinuity  is  small  com¬ 
pared  to  a  wavelength  (h/X  <  01  -  02)  the  problem  can 
be  treated  in  a  fairly  simple  manner  using  perturbation 
theory.  The  condition  of  small  h/X  is  usually  satisfied  in 
practical  devices;  large  values  of  h/X  result  in  significant 
bulk  mode  conversion  which  is  unacceptable  for  device 
operation. 

The  method  used  is  basically  the  same  as  that 
described  by  Auld'  in  his  book  with  a  modification  to 
incorporate  edge  effects.2'3  A  rigorous  derivation  of  this 
theory  based  on  the  normal  mode  analysis  is  described  in 
detail  in  Refs,  3  and  4  In  this  paper  we  will  not  develop 
the  theory  rigorously;  instead  we  will  develop  it  by  anal¬ 
ogy  with  a  simple  transmission  line  pointing  out  the  simi¬ 
larities  and  differences.  The  theoretieal  predictions  are 
compared  with  experimental  results  for  different  substrate 
and  electrode  combinations.  The  substrate  is  character¬ 
ized  by  the  particle  velocities  at  the  surface  due  to  an 
unperturbed  surface  wave  carrying  a  given  amount  of 
power  per  unit  beamwidth,  while  the  strip  material  is 
characterized  by  its  mass-density  and  elastic  constants 
The  same  formulation  is  used  for  both  single  crystal  and 
layered  substrates  With  a  straightforward  extension,  the 
theory  can  be  used  when  the  incident  and  reflected  waves 
belong  to  different  modes  (such  as  Rayleigh  and  Sezawa). 


II.  Transmission  Line  Analogy 


The  simplest  analogy  to  our  present  problem  is  that 
of  reflections  in  a  transmission  line  (Fig.  2).  The  discon¬ 
tinuity  is  represented  by  a  region  whose  characteristic 
impedance  Z0  +  AZ  is  slightly  different  from  the  usual 
impedance  Z0,  with  AZ/Z0  «  1.  There  is  a  reflection  of 
+  A7,/2Z0  at  the  leading  edge  and  -AZ/2Z0  at  the  trail¬ 
ing  edge.  If  we  use  the  center  of  the  discontinuity  as  our 
reference  plane,  the  voltage  reflection  coefficient  is  given 

by 


AV 
V  + 


AZ 

2Z0 


_  AZ  .  „ 
-  Sin0 

*• 0 


(i) 


where  9  =  ka  —  2tra/X.  Etj.  (I)  gives  us  the  reflection 
coefficient  if  we  know  AZ/Z0,  the  main  problem  in  our 
case,  of  course,  is  to  figure  out  the  right  AZ/Z0  for  a 
given  electrode-substrate  combination.  The  same  prob¬ 
lem  may  be  viewed  in  a  somewhat  different  manner  which 
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—■  /  e^*  d(2kz)  = 

*'-0  i  '-0 


Fig  J  Reflection  from  a  mismatched  section  in  a 
transmission  line. 

gives  the  same  results  for  transmission  lines  but  general¬ 
izes  more  readily  to  our  problem  The  change  in  charac¬ 
teristic  impedance  AZ  can  be  due  to  a  change  AE  in  the 
inductance  1  0  per  unit  length  and/or  due  to  a  change  AC 
in  the  capacitance  C0  per  unit  length,  let  us  assume  that 
Ah  =  0,  so  that 

AZ  _  AC  _  A-o 

lT-«v  *■" “  V  <7  ( ’ 

The  incident  wave  V+  induces  a  current  -j«jACV+  when 
it  meets  the  extra  capacitance  AC  per  unit  length  (Fig. 
3)  This  current  is  given  by 

!(z)  dz  =  -ju/ACclz  V+  (3) 

The  induced  current  now  acts  as  a  source  that  generates 
reflected  waves. 

d\  =  y  l(z)dz  (4) 

1  sing  Kipiations  (2),  (3)  and  the  relation  k  =  vcC0Z0  we 
get 

fV  -  Jl-'kl-rydz  (5) 


I  lie  total  reflection  is  obtained  by  integrating  Eq  (a) 
introducing  the  phase  factor  e',iJk‘  so  as  to  shift  all 
ihe  reflections  to  a  common  reference  plane. 


COO . 


til  V  * 


j-ai  /„/2  jjv  i az/2Z„; 


ig  3  (  urri  nt  tiulueed  by  incident  wave  at  a 

miMll.lleh<  l!  see  (  li  .n 


as  before  Hr  note  here  that  (lie  discontinuity  in  the 
characteristic  impedance  is  related  to  the  induced  current 
by  the  relation 

~  =  “|l/2jkV*i  (?) 

-(■0  - 

In  our  problem  involving  surface  waves  we  will  calculate 
the  equivalent  I/V+  and  then  deduce  an  equivalent 
AZ/2Z0  using  Eq  7. 

Ill  Reflection  of  Surface  Acoustic  Waves 

Surface  Acoustic  Waves  in  piezoelectric  solids  have  a 
fairly  complicated  pattern  of  acoustic  and  electrostatic 
lields  coupled  together  The  first  thing  we  n  ed  to  figure 
out  are  the  "voltages'  and  “currents.”  One  way  to  do 
this  is  to  look  at  the  expression  for  power  flow 

»\  =  -  \  K  T„  A  v;  Tyi  +  v;  T„  -  o-jjwD,)! 

(8a) 

i  -  x.y.z '  ’ 

P  =  ~  V*1  (Transmission  line)  (8b) 

Mere  v  is  the  particle  velocity,  <?  is  the  electrostatic 
potential,  1)  is  the  electrical  displacement  and  T  is  the 
stress.  The  stress  is  defined  as  force  per  unit  area  and  its 
two  subscripts  indicate  the  direction  of  the  force  and  the 
direction  of  the  outward  normal  to  the  area.  For  exam¬ 
ple,  Txy  represents  tbe  x-dirertrd  force  per  unit  area 
along  the  xz  plane. 

Comparing  Equations  (8a)  and  (8b)  it  appears  that  a 
surface  wave  has  four  pairs  of  "voltages”  and  “currents  ’ 
I'siially  v,  is  zero  or  negligible  and  the  particle  motion  is 
primarily  in  the  sagittal  plane  (y-z  plane,  Fig.  1);  so  we 
will  ignore  this  component.  The  electrostatic  part  can  be 
important  if  the  discontinuity  is  produced  by  a 
conducting  electrode  and  the  material  bas  a  high 
piezoelectric  constant.  This  effect,  called  the  piezoelectric 
scattering,  is  a  different  problem  altogether,  which  we  will 
ignore  in  this  paper.  In  this  paper  we  concentrate  on  the 
mechanical  reflection  due  to  the  component  vy 
(transverse)  and  v,  (longitudinal)  of  the  particle  motion 
l.et  u>  look  at  these  one  by  one. 

(a)  lmpc  ..nice  Discontinuity  due  to  Transverse  Com¬ 
ponent 

first  we  consider  the  particle  motion  perpendicular 
to  the  surface.  The  induced  “current,"  1  in  this  rase,  can 
he  identified  with  Tvv  that  appears  on  the  surface 
because  of  the  presence  of  the  strip  (Fig  1),  while  the 
voltage  in  this  case  is  the  particle  displacement  \  *  due 
to  the  incident  wave  lienee  the  impedance  discontinuity 
due  to  the  transverse  component  can  he  written  from 
Equation  (7)  as 

az  [  =  lii!  Jk. 

2Z»  j,  2)1.,'  ' 

where  1’j  is  the  power  carried  by  the  surface  wave  per 
unit  beainwnlth,  and  we  have  used  |\  ;  -/tl’s  to  replace 
Zr,/2  (  -  \  ■/  ll’l  We  now  have  to  determine  T  ,/vy+ . 

J  his  is  done  readily,  assuming  that  the  strip  is  a  thin  one 


1983  Cl.ntASONK  S  SVMPOSICM  383 


T 


it 


dzW 


(T,,  +^T,,/t)z)hW 
-T„dzW 


Fig.  4:  Stresses  induced  at  strip-substrate  interface  by  an  incident  surface  wave 

(a)  Transverse  Component 

(b)  Longitudinal  Component 


so  that  it  merely  floats  on  the  wave  without  loading  it. 

f  rom  Newton's  law  (Fig  4) 

dv  + 

T„  az 

W  =  (pdzW'h) 

at 

so  that 

T 

— =  j„jph 

(10) 

Using  Equation  (10)  in  Equation  (9), 

AZ 

|vy|*  (pc.h) 

(11) 

2Z0 

4P,  2 

V  * 

where  c,  -  uj/k  is  the  velocity  of  the  surface  wave. 


(b)  Impedance  Discontinuity  due  to  Longitudinal  Com¬ 
ponent: 

Arguing  as  before  we  can  write  the  impedance 
discontinuity  due  to  the  longitudinal  component  as 


(12) 


Determining  Tlf/v* ,  however,  is  complicated  by  the  fart 
that  the  forces  on  the  side  faces  due  to  the  stress  T„ 
have  to  be  taken  into  account  (Fig  I).  A  similar  com¬ 
ponent  due  to  Tyf  was  ignored  in  Fig  5a  because  Tyl  is 
zero  at  the  top  surface  of  the  strip,  and  its  first  order 
value  in  the  strip  can  be  taken  as  zero  T„,  on  the  other 
hand,  is  not  zero  at  the  top  surface.  From  Newton's  law 
(Fig.  4b), 


AT,,  fly* 

T,„dzW  +  ■  W'hdz  =  (pdzWh)  (13a) 


■  ly 


llL  = 


+  jwph  +  jkh  T„/v,+ 


(13b) 


where  we  have  replaced  fl/Az  by  -jk. 
is  isotropic  with  Lam£  constants  X 
shown  that 


If  the  strip  material 
and  p,  it  can  be 


(14) 


where  Or  =  is  an  effective  stiffness  coefficient. 

X  +  2p 

If  the  strip  material  is  not  isotropic,  the  expression  for  o 
is  more  complicated  [5];  however,  if  the  strip  material  is 
the  same  as  that  of  the  substrate  then  we  can  assume 
that  T„  is  the  same  as  that  for  an  unperturbed  surface 
wave  and  calculate  a.  Using  Eq.  (14)  in  Eq.  (13b), 

T 

— =  jurph  -  jk:oh/a;  (16) 

v. 


Using  Eq.  (15)  in  Eq.  812)  we  get, 

AZ  '  _  1  v,l8  .  _  oh. 

2Z0  ,  4P.  1  2  2c, 


(!«•) 


However,  this  result  is  not  quite  right.  The  reason  is  that 

in  going  from  Eq  (1 3a)  to  Eq  (13b)  we  replaced  —  hv 

flz 

-jk.  This  is  correct  within  the  strip,  but  at  the  edges  of 
the  strip  T„  must  go  to  zero  If  we  assume  (as  a  first 
order  approximation)  that  T,,  is  constant  within  the  strip 
but  goes  to  zero  abruptly  at  the  edges,  then  the  term 
dTll/fll  also  gives  rise  to  delta  function  stresses  at  the 
two  edges  of  magnitude  (okh/.cpv*,  which  we  have 
neglected.  These  produce  an  additional  impedance 
discontinuity  of 


(19") 


Adding  Equations  (16)  and  (Hi")  we  get  the  total 
impedance  discontinuity  due  to  the  longitudinal  com¬ 
ponent. 
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AZ 

2*o 


/■' A 


If. 


(18) 


1 1  >  T>  .t  il  lin|  cl  in  r  I  >1-.. .  .|i'  min' 

\\  c  .  .ill  IloVV  l  ilt. HI.  |!|'-  lot.:, I  impedance  disCOI)- 

_q/  I  ,  x/  . 

<  1 1 1  ■■  it  \  froin  III,-  components  (liq  II)  an<i  ; 

-/o  ,  */0 

I  .|  HI)  However.  »r  !i .i\  i-  !o  remember  that  the  ph :vs«-s 
..f  v^  .uni  v,  are  not  r*-l . 1 1 ■  *1  in  tin-  same  way  for  the 
in.  t,f i- n i  ain I  r cilia  t  ol  w  :i\  n  I  or  ex  ample  if  v  •-  jvq  for 
ilm  in,  nl' ill  Mi,',  lin  n  v.  ~  j,,  for  tlic  reflected  wave 

I  ills  ,.,ii  I,'  iitnhrsl . !  easily  if  I  lie  crystal  is  relied  inn 

. ,  nan,  I ric.  l lint  is.  •  /  looks  l lie  same  a.s  /  In  that  case 

111..  Ill  I- Is  of  III,'  re  I!  e,  t  e ,  1  w.iVt  .111  he  determined  from 
1  l.os  ,,f  ilie  in,  j,  lent  wave  si'ii  |  >1  v  I  >\  turning  I  lie  z  axis 
ar  .iiiiiI  (/  -■»  ■■/).  il  is  ,  lear  ili.il  (banging  l  —  ~ /.  changes 

1 1., -  -;gn  of  v(  hut  ,|,-es  not  air,  el  v  Hence 
''  iiff  -\v/v,  where  the  superscripts  +  ami  -  refer 
■o  III. -|, lent  am!  roll.  <  I ,  , I  Waves,  respe,  lively 

Bee  tnse  of  t h is.  change  in  sign,  the  net  impedance 


uitinuitv  is  aclnally  the  difference  between  — ; 


AZ 


AZ 

2*o 


AZ^ 

l'Z„ 


AZ  , 
-Z,,  , 


.4* ! 


2Z« 


(17) 


The  i  ,  rail  sign  i:i  lap  ( 17)  depends  on  whether  we  define 
the  reflection  ,  -efficient  its  Avv/vy+  ,>r  as  AVj  /v,  +  .  I'su- 
ally  we  are  interested  in  the  reflection  coefficient  A<?  /<f>  + 
because  we  like  to  place  ,,ur  transducers  at  the  peak 
potential  of  the  standing  wave  Since  like  v  ,  is 
unafTeeted  by  the  transformation  z  — >  -z.  we  expect 
AO  —  AVj/v*  -  “A vJ/v1+.  This  is  why  we  have 

chosen  the  sign  in  Eq  17  to  give  tis  the  correct  sign  for 
A',  /'/  and  heme  for  Ao  /0*.  f  rom  Equations  (II). 
lit.)  and  ( 17), 


AZ 

I'/,-, 


II* 


ffL 

•I  I’ 


pc  h 

•) 


oh 

2o, 


(18) 


I  i,"  r, -lie,  ton  i  ..efficient  fr,  ,iii  a  strip  of  length  a  is  given 


J  S  |  II  |  k  . 


\ , 

fH. 


-T-  O'05h  +  — ))  (!•) 


\l  I  Ills  [,,  'lilt  We  should  ll'.ti 
with  i  transmission  line 


a  very  important  difference 
For  a  transmission  line 


v'l./t 


J\ 


l/I,C  so  that  if  we  change  C 


i  il'g  I  C  '  1 1  s  I  all  t  ,  W  ,  expect  that 

Av 


, -Xl.ee 

AZ 

2/n 


-'V 


0 


1 1  w,  v ,  r,  in  (he  <  ase  ,  ,f  r),e  surface  wave  Hits  is  not  true 
!  ■  '  'he  delta  fun  lion  stress,.,  that  we  i  neon  titered 
'  iv, ■  ii"  effect  mi  v, amity,  they  are  e.pial  and  opposite  at 
il,.'  edge  ',f  the  strip  and  cancel  each  other  out.  For  this 
,  i.i.ii  we  should  use  Equation  (15  )  rather  than  Equation 
it- 1  'secondly,  the  1  ..nsv,-rs„  ami  l.uigituu  n.d  eont- 
■  mats  add  r at Imr  than  siibt ra,  t,  so  that 


Av 
- '  o 


,h 


v( . 

It' 


f".l> 


~  1  (20) 

2c, 


la,  (’20)  hxs  the  simple  interpretation  thai  the  mass- 
loading  I/.)  tends  to  slow  the  wave  down  while  the 
stiffness  tends  to  speed  it  up.  Comparing  with  Eq  (10)  it 
is  apparent  that  although  the  same  terms  are  involved, 
in,  such  simple  interpretation  is  possible  Morever,  it  is 
clear  that  discontinuities  that  produce  minimal  velocity 
perturbation  do  tied  produce  minimal  reflection,  and  vice 
versa  From  equations  (lb)  and  (20)  we  can  get  a  simple 
relation  between  AZ/Z0  and  Av/v0: 

(AZ/Z0)  =  -(Av/v0)  -  ( |  v, ]  */ 4l\)  2pobh  (21) 


IV  Mode  Conversion  of  Surface  Acoustic  Waves 


In  layered  structures  if  the  top  layer  is  sufficiently 
thick,  there  arc  two  surface  wave  modes  called  the  Hay- 
leigh  and  Sezawa  waves.  It  is  possible  to  have  an 
incident  Hayleigh  wave  with  a  reflected  Sezawa  wave  or 
the  other  way  around  The  reflection  coefficients  can  he 
calculated  using  the  same  method  as  described  in  Section 
III  with  the  following  modifications 


1  In  liquation  (9)  2jk  is  replaced  by  j(k+  +  k  ),  where 
k+  and  k  are  the  wavenumbers  for  the  incident  and 
reflected  waves.  (_'  is  the  same  for  both  )  As  a  result  Eq 
(II)  becomes 


az  1  _  Kl  K*  p~-h 

2*o  |,  ■»!’.  k +  +  k 


(22) 


2  In  Equation  (IS),  k"  is  replaced  by  t hat  of  the  incident 
wave  (k*)\  while  in  Eq  12,  2k  is  replaced  by  k  +  +  k  so 
that  Equation  ()f>  )  becomes 


AZ 

2*0 


v.  1  lv<+!  ,  pwh 

‘i*.  1  k  +  +k 


okv:h 
(k+  +k  p 


X23) 


while  Equation  (16")  becomes 

A*  I”  _  I  v»  1  1  v.*  1  ,  ok  *  h 

:2*0j,  “  *I\  ‘  - 


(24) 


From  liquations  (23)  arid  (24), 

A*  !  =  1  vr  i  ’  v»"!  |  p-'h  _  +  _obk  *  k _  , 

2*0  i,  tl’a  ‘k++k  (k  *  ■+  k  )„'  1  ’ 


Note  that  the  final  result  (Eq  2S)  is  symmetric  in  k+  and 
k  though  liquations  (23)  and  (21)  are  not  This  sym¬ 
metry  is  rather  important  since  the  reflection  coefficient 
should  be  the  same  regardless  «  f  which  wave  (If  ay  h  igh  or 
Sezawa)  is  incident  and  which  is  reflected  This  is 
required  by  the  principle  of  reciprocity. 


3  To  get  the  overall  impedance  discontinuity  we  add  the 
individual  ■  unpoiients  This  is  because  v./vq  have 
different  signs  f,,r  Hayleigh  and  Sezawa  waves  traveling 
m  the  same  direction  \s  a  result  a  Hayleigh  and  a 
Sezawa  wave  traveling  m  apposite  directions  have  the 
same  sign  for  v  v/v  t 


j  sin 


ik!-+JQ» 


4I’»  k'+k 


( _  2/)..h  _  +  2ohk  4  k 
k*  -t  k  (k*  +k  U- 


(26) 
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V.  Examples 


(a)  Grooves  in  ST-qiartz:  For  an  unperturbed  sur¬ 
face  wave  on  ST-quarU, 


4»\ 


(4.5  x  10 


nr 

nt 


=  U  05  x  I012 


•  uJ 


c,  -  3158  m/s 

An  array  of  grooves  may  alternatively  lie  viewed  as 
an  array  of  strips  made  of  the  same  material  as  the  sub¬ 
strate  For  strips  of  ST-quartz, 

p  -  2651  Kg/m3 

o  =  8  69  x  1010  Nt/nr 


From  Equation  (11). 


A_Z 

Z0 


1 

;» 


From  Equation  (16) 
AZ 
U 


(.32  +  1.00) 


From  Equation  (17), 


h 

X 


wlliet)  agrees 
that .  from  Eq 


with  the  experimental 

20, 


Av 

'0 


is;  0 


results  [6], 


Note 


which  is  what  we  expert  since  the  wave  velocity  is  the 
same  under  the  strip  as  in  the  groove. 


(b)  Grooves  in  Silicon: 

For  an  unperturbed  surface  wave  on  (111)  cut  (211) 
propagating  silicon, 

1  .  ■ 


<  > « 

4i*. 

0 

X 

r- 

CM 

II 

12  nr/Nt.p 

1  v,|  2 

=  (1.04  x  10 

12  nr/Nt.p 

0,  -  4733  in/ 


Also  for  strips  of  silicon, 

p  =  2332  kg/m3 

a  =  1.82  x  I0"  nt/nr 


We  Have  as  before, 


AZ 

Z» 


-(31  *■  I  I  s  | 


AZ 

Z-o 


h 

\ 


This  is  itted  in  F- ig  5  along  willi  the  experimental  data 
from  wartz  et  al.  [7], 


Fig,  5:  Reflectivity  per  groove  vs  groove  depth  for  (111) 
cut  (21 1 )  prop,  silicon. (Experimental  data 
from  Ref  7) 

(0)  Grooves  m  Si02-on-Silicon: 

The  reflectivity  per  groove  was  measured  as  a  func¬ 
tion  of  the  groove  depth  in  a  layered  structure  having  a 
3.08  fitti  thick  layer  of  SiO._,  on  a  (111)  cut  (211) 
propagating  silicon  substrate  at  X  =  40  6  /im  In  this 
case,  we  find  for  the  unperturbed  surface  wave. 

I  v  I  2 

— -  =  (3  31  x  10  12  in2/ N t  ) 

41  a 

I  V  I  2 

-1-— —  =  (2  49  x  10  12  rn2/Nt.)  ui 

4*  » 


For  strips  of  SiOj, 


p'S  m/s. 


p  =  2300  Kg/m* 


AZ 


=  .95 


52  x  I0'°  Nt/nr 
h  AZ 


Zn 


"j  =  (72  +  1 
Zp  L 


AZ 

Z0 

Av 

vo 


-  97  — 
X 


=  -  47  IS- 
X 


Note  that - is  riot  zero  m  this  case  because  of  the 

'0 

dispersive  nature  of  layered  structures  Fig  6  shows  the 
theoretically  predicted  AZ/Z0  and  the  experimentally 
measured  values  from  Ref  7 

(el  Mode  Conversion  in  ZnO  on-SiO.,-on  silicon  by 
grooves 
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ig  (>  R elbctiv it y  [hi  srnpi'i'  v<  groove  depth  for  SiO., 
i>n  (111)  mi  ('Jill  |>rn|>  silicon  (Experimental 
data  from  if  >  f  7) 


’I  II"  mode  conversion  reflectivity  (frmn  Sezawa  in 
f  lyleigh)  wa-s  inraMirt'd  111  /n<)  (7  i>  // in  thick)  mi  Sit)j 
-  >  pm)  on  (100)  cut  (0101  propagating  mIicoii  For  the 

inperturbed  !<  a)  leigti  and  Sezawa  waves  we  fun). 

|  (  •> 

—p—  -  (a  »  x  10  '•  in*’/ Nt.)  -•  Rayleigh 


(  *3  x  10  IJ  nr/Nl  )  _■  Sezawa 
(1  53  x  U)  IJ  nr/N’t  )  -■  Rayleigh 


(I  53  x  10  IJ  in"/ N t . )  ^  Sezawa 
\N>>  f'T  ZnO  strips, 

l>  -  5f>x()  kg/m3 
d-'llix  I0n  Nt / in“ 


0  200  400  000  000  1000  1200  1400  1000 

GROOVE  Dfcl'TH,  h  (A) 

Hg  7.  Mmle  Conversion  reflectivity  (Sezawa  to  Ray¬ 
leigh)  for  ZnO  on  SiO;  on  (100)  cut  (010)  prop 
silicon.  ( Experimental  data  from  Refs.  4,9 ) 


For  an  ST  quartz  substrate, 
A/.  _  r  h 

/„  m  X 

=  2.03  — 


^T\  =  (2.36  +  1.2)  £ 

‘0  l_  X 


(gold) 

(chromium) 
(gold) 


=  (  88  +  3  10) 


(chromium) 


=  1.88  — 


=  ~  J  31 


(gold) 

(rhrmnium) 


rr"'"  1  'I  "•  1 1 1  *  -•  =  2tr  x  152  1  MH/, 

|K  /tin  k  -  32  //in  1  and  (k  *  +  k  )a  -  ir, 
r  J  I  3  I  x  10  '  h( hi  A) 

■  ig  7  show-  i he  thcuretic.il  reflection  coetticient  and  the 
•vperuni  litally  iii/'.usiired  values  '1 .01 

(f)  flllnct.il  Meet  codes  fur  Zero  Reflection. 

Il  i-  apparent  frmii  Eq  IS  that  the  impedance 
I < uit in u it\  may  he  either  positive  or  negative  though. 
''  ntosi  eases  it  k  negative  One  not  able  except  ion  is 
Id  which  be<  aiise  of  ils  high  mass-/|elisil y  p  Often  gives 
■ce  to  a  positive  A///0  For  gold  strips. 

P  -  10300  Kg/m3 

rt  IK  x  It)10  N t / in" 
p  -  7200  kg/m3 
ct  -  2  S2  x  10"  Nt/nr 


|i  thus  seems  feasible  to  fabricate  a  bimetal 
reflect  toilless  electrode  with  about  .u.r»r7  gold  and  tv  7 
chroiiiium.  A  similar  prediction  (90‘7  gold,  10°; 
chromium)  has  been  qualitat ively  verified  for  a  100  cut, 
110  propagating  GaAs  substrate,  but  not  quantitatively. 
A  possible  reason  for  the  discrepancy  is  the  uncertainty  in 
the  elastic  constants  of  thin  films  as  explained  in  Ref  8 

VI  Conclusions 

In  this  paper  we  have  presented  a  simple  approach 
the  first-order  mechanical  reflection  caused  In  grisives 
and  electrode*.  f  he  theory  is  developed  by  analogy  with 
transmission  Inn's  (rigorous  derivations  based  mi  the  nor- 
•mil  mode  theory  have  been  presented  elsewhere)  and  the 
similarities  and  differences  are  discussed  The  theoretical 
results  agree  well  with  experimental  data  for  various  sin¬ 
gle  crystal  and  layered  substrates 
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APPENDIX  C 


Coherent  mode  conversion  by  grooved  arrays  in  layered  media 

S  Bandyopadhyay,  S  Datta,  S.  J  Martin,  and  R.  L.  Gunshor 

School  of  Electrical  Engineering.  Purdue  University.  W.  Lafayette.  Indiana  47907 
i  Received  29  July  1983;  accepted  for  publication  t  September  1983) 

Recent  experiments  have  shown  that  a  periodic  array  of  grooves  and  strips  on  a  layered  medium 
provides  efficient  conversion  between  Rayleigh  and  Sezawa  modes  supported  by  the  medium; 
these  novel  mode  converting  reflectors  have  been  used  to  construct  sur  .ace  wave  resonators  This 
paper  presents  a  theoretical  analysis  of  the  mode  conversion  process  starting  from  material 
parameters.  A  first-order  perturbation  theory  is  used  to  construct  a  four-port  scattering  matrix 
for  each  strip  in  the  array.  The  scattering  matrices  are  then  converted  to  transmission  matrices 
and  cascaded  to  provide  the  overall  scattering  characteristics  of  the  array.  The  predicted 
characteristics  are  in  close  agreement  with  experimentally  measured  values 

FACS  numbers:  43.35  Pt.  43.20.Bi,  43.20.Fn,  03.40.KJ 


I.  INTRODUCTION 

It  is  known  that  two  surface  acoustic  modes  (Rayleigh 
and  Sezawal  can  propagate  in  a  layered  medium  of  sufficient 
thickness  Recently,  it  has  been  demonstrated  that  an  array 
of  grooves  and  strips  with  the  right  periodicity  produces  a 
reflected  Rayleigh  wave  in  response  to  an  incident  Sezawa 
wave  and  vice  versa.'  Two  such  mode-converting  reflectors 
have  been  used  to  form  a  resonator  cavity  with  a  @?-r3000, 
showing  that  the  mode  conversion  is  quite  efficient.  1  This 
paper  treats  the  mode  conversion  process  using  a  first  order 
perturbation  approach. 

We  describe  a  theoretical  analysis  of  the  scattering 
characteristics  of  a  periodic  array  of  grooves,  starting  from 
material  parameters.  The  predicted  characteristics  are  in 
close  agreement  with  experimentally  measured  values.  The 
approach  used  is  to  describe  each  strip  in  the  array  as  a  four- 
port  scattering  junction  having  two  Rayleigh  ports  and  two 
Sezawa  ports  The  elements  of  the  4x4  scattering  matrix  are 
determined  from  material  parameters  using  first-order  per¬ 
turbation  theory  (Sec.  III.  The  scattering  matrices  are  then 
converted  to  transmission  matrices  and  cascaded  to  provide 
the  overall  scattering  characteristics  of  the  array  (Sec.  III). 

It  will  be  noted  that  conventional  reflecting  arrays  in¬ 
volve  a  s.ngle  mode  and  are  described  by  a  2x2  scattering 
matrix  Mode-converting  arrays  on  the  other  hand  involve 
two  modes  and  require  a  4x4  scattering  matrix.  In  many 
practical  cases,  however,  it  may  be  possible  to  use  a  2  X  2 
scattering  matrix  description.  For  example,  suppose  the  ar¬ 
ray  period  is  such  that  at  a  particular  frequency  an  incoming 
Sezawa  wave  traveling  to  the  right  is  phase  matched  to  a 
Rayleigh  wave  traveling  to  the  left  but  not  to  the  left-going 
Sezawa  or  the  right-going  Rayleigh.  At  this  frequency  it  may 
be  permissible  to  ignore  the  two  waves  which  are  not  phase 
matched  and  use  a  2  X  2  scattering  matrix  The  validity  of 
this  procedure  will  depend  on  the  length  of  the  array  and  the 
degree  of  phase  mismatch.  In  this  paper  we  use  a  general 
description  based  on  a  4  X  4  scattering  matrix. 

II.  SCATTERING  CHARACTERISTICS  OF  A  SINGLE 
STRIP 

A.  First-order  perturbation  theory 

Consider  a  single  strip  on  the  surface  of  a  layered  medi¬ 
um  (Fig  llalj  An  incident  wave  induces  a  set  of  stresses  at 


the  interface  (T\v,  Tf  .  T'.f  which  then  act  as  the  sources 
for  thescattered  Rayleigh  and  Sezawa  waves  [Fig  Eb1]  The 
overall  problem  can  thus  be  divided  into  two  parts  -  i  to 
determine  the  induced  stress  T‘  i  7'‘t ,  I  f  ,  /  i  for  a  given 
incident  wave,  and  (2i  to  determine  the  amplitudes  of  the 
scattered  waves  generated  by  the  induced  source  T'  The  sec¬ 
ond  part  is  treated  first. 

Consider  a  wave  with  an  amplitude  A  izlexpi  -  ;/Jc'  The 
growth  of  the  wave  in  the  presence  of  the  source  T  is  de¬ 
scribed  by 

dA  =  |vc 
dz  ~  4 P/W 


FIG  1  <a|  Wave  iiKidcnl  >n  a  :<im  strip  H  (  irncrulii'n  t*f  K  t\I.  k  .md 
Sewavtj  waves  by  induced  stresses  at  strip  substrate  inter c 
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where  "Il'<  is  the  particle  velocity  at  o.e  surface  and 
A  -  P  is  tlie  total  power  carried  by  a  wave  of  amplitudes  arid 
width  W  I  in  the  Jt  direction  |.  This  result  is  derived  rigorously 
starting  from  the  reciprocity  theorem.4  However,  a  simple 
argument  can  be  used  to  show  its  plausibility.  The  power 
(low  from  the  source  into  the  wave  over  a  length  dz  is  given 
by 

I Af  '"'vt'-r  Wdz. 

This  means  a  fractional  change  in  power  of 
Me  V"v|»-T‘  Wdz 
1AA  *P 

Since  the  power  is  proportional  to  the  amplitude  squared, 
the  fractional  change  in  amplitude  is  equal  to  half  the  frac¬ 
tional  change  in  power 

dA  _  | Ae  'VTTO 
A  ~  4AA  *P 


Simplifying,  one  obtains  Eq.  1 1 ). 

The  first  part  of  the  problem  is  then  to  determine  T‘  for 
a  given  incident  wave.  This  aspect  of  the  problem  is  dis¬ 
cussed  in  Ref  5  where  it  is  shown  that  the  interface  stress  is 
proportional  to  particle  velocity  at  the  surface  associated 
with  the  incident  wave. 


~  Ate 

"y  -im. 

OJ 

/ 

-  A,e 

(O 

12) 

r\. 

-  A,e 

*V.  -/.W. 

0) 

where  A,e  '“'v  is  the  particle  velocity  due  to  the  incident 
wave  of  amplitude  A,  exp(  -  jfi.z).  The  superscript  or  sub 
script  i  refers  to  incident  wave  parameters  and  co  is  the  angu¬ 
lar  frequency.  The  functions/,,/,,  and /  are  constants  over 
the  region  of  the  strip  |  —  a/2  <  z  <  a/2)  and  zero  elsewhere. 
They  are  defined  below.  It  is  of  interest  to  note  that /,  and / 
have  two  della  functions  at  the  edges  of  the  strip.' 


/.:*’!  -=j^P  -  jP]at  +  a, 0, 


f  7“M"  7*) 


f/Z<  ~JU)2p, 


(3) 


6{Z¥  Ta) 


p.  it,,  and  it  arc  constants  characterizing  the  strip  material. 
/•  is  the  mass  density  while cr, ,  n.  are  effective  stiffness  coef¬ 
ficients  11  the  strip  is  made  of  an  isotropic  material  with 
I  .line  i Miislants  A  and//,  then 


4// 1 A  t  // 1 
'■~2p 


(41 


I'oi  an  anisotropic  strip,  the  expressions  for  < i , ,  a,  are" 


ci ,  -  S  1  / D , 

a.  =  S'l/D, 

where 


D-Slsl  s]si 

and 


(51 


-5  i  ^ —  i-s ,  i  v i_/i / 1 )/ s 1 1 , 

s :u  being  the  compliance  tensor  In  general  the  situation  is 
more  complicated  than  Eq  i'2l  indicates,  with  7  ,,  depend¬ 
ing  on  .  ,  and  7  :  on  r,  However,  v,  is  usually  zero  or 
neghg/ne  so  that  neglecting  the  dependence  on  i\  does  not 
cause  seru'us  discrepancy 

L  sing  Eq  1 2  -  in  Eq.  ( 1 1  we  have 

- =  h<cj ,  4-  cj..  4-  cjt]e  ,  (6) 

A ,  dz 


where 


v*v\ 


4Poj/W 

L’*V[ 

4Pco/W  ' 

lift/' 


(7) 


C,  = 


4  Pcj/W 

Integrating  Eq.  (61  over  the  region  of  the  strip  one  obtains  the 
ratio  of  the  amplitude  of  the  scattered  wave  [AA  )  to  that  of 
the  incident  wave  [A,  |. 

AA 


A, 


=  h[cjx  4~  Cyly  +C,/S], 


(8) 


where 


/•  +  a/1 

L=\  fx\z)e  ffudz, 

J  a/2 


=jsiu  —  \P,  -/?)a 


po2  -  nr,/?, ft 


ly  —  j  sin  —  (ft,  -  ft  )a  —  P-~- - , 

ylft-ft) 


I,  =jsin-~ip,  -P)a 


po)2  -  a,ft,ft 


B.  Scattering  matrix  for  a  single  strip 

A  single  strip  in  a  grooved  array  mode  converting  re¬ 
flector  is  treated  as  a  four-port  network,  as  shown  in  Fig.  2. 
The  quantities  a  represent  the  input  modes  and  the  quanti¬ 
ties  b  represent  the  output  (reflected  or  transmitted)  modes. 
The  representation  S  stands  for  Sezawa  modes  and  R  stands 
for  Rayleigh  modes  in  the  figure. 

The  scattering  matrix’  is  defined  as  the  matrix  relating 
the  b  ‘s  to  the  a's: 
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-  t  I  , 

s  7*  2  ‘  4  fT"-  K4  9 

f,l  1 _  I  b« 

FIG  2  Four  port  scattering  network  lor  a  single  strip  or  groove 


M  s„  SK  5„  SM  L,  ' 

UJ  L^-ll  *^42  ■£»»  ^44  J  w^4  J 

or  in  matrix  notation 

1*1  =  [SJ|fl|.  (9) 

For  a  reciprocal  device,  the  principle  of  reciprocity  gives7 

$,=$,  ij  =  1,2,3, 4. 

Using  rmn  for  the  reflection  coefficient  from  mode  m  to 
mode  n  \m  and  n  traveling  in  opposite  directions),  and  Km„ 
for  the  conversion  coefficient  from  mode  m  to  mode  n  j m  and 
n  traveling  in  the  same  direction),  we  may  write 

5,  ,  =  S'u  =  rRR,  (101 

=  S4A  =  rss ,  (11) 

S i?  =  *'<4  =  ^rs  —  S2I  =  S^,  =  rSH  ,  (12) 

S|4  =  ^12  =  ^RS  =  ^4  I  =  I  =  ^SR  •  (13) 

*  1 1  =  *  1 1  =  1  +  jin .  1 1 4) 

S;«  =  S42=I  +j§s.  (15) 

where  the  subscript  R  stands  for  Rayleigh  mode  and  S  for 
Sezawa  mode 

The  coefficients  $R  and  §;s  need  some  clarification. 
Normally  in  this  lossless  network,  an  input  mode  would  pass 
through  unattenuated  and  emerge  as  such,  so  that 
S, ,  =  5,i  -  .S\4  =  S0  =  1.  Because  of  the  perturbation 
caused  by  the  strip,  the  incident  wave  suffers  a  phase  shift 
equal  to  cR  s  The  amplitude  must  also  decrease  in  order  to 
satisfy  power  conservation;  however,  the  decrease  is  of  order 
-  r[r  being  the  reflection  coefficient)  and  is  not  given  by 
first-order  perturbation  theory.  For  a  single  strip  this  repre¬ 
sents  a  small  error  but  the  error  may  build  up  when  calculat¬ 
ing  the  characteristics  of  an  array.  Energy  conservation  can 
be  ensured  by  requiring  that  the  S  matrix  satisfy  the  condi¬ 
tion 

is*i'm  =  [/].  ii6) 

where  |/  |  is  the  identity  matrix.  This  is  ensured  if  we  divide 
each  V  matrix  element  S, ;  by  [2,;5,J2] l/2. 

Experimental  measurements  were  performed  on  the 

TABl.F  I  Surface  particle  velocities  (in  m/st  normalized  to  I  W/m 


T  I  f  tftat  In O 

»  .«■■»  SiOt 
(100)  -cut,  <010.»  prop  Hi 


•  I  13.70  pm 

a8  -  34.96pm 
-  1 9.94pm 


££  10  f- 
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GROOVE  DEPTH,  h  (A) 

FIG  3  Magnitude  of  Sezawa-to-Rayleigh  mode  scattering  vs  groove  depth 
in  the  ZnO  layer. 


ZnO-Al-SiO,-Si  structure  shown  in  Fig.  3.  The  grooves  were 
ion  milled  and  a  uniform  mark  to  space  ratio  of  unity  was 
maintained.  For  the  dimensions  shown,  the  Rayleigh  and 
Sezawa  wave  (phase)  velocities  are  2993  and  5326  m/s.  re¬ 
spectively.  At  a  measurement  frequency  of  152.4  MHz,  the 
corresponding  wave  numbers  are 

PR  =0.32,um  '(/{„  -  19.64y(m), 

^i—O.lS/zm  V.v  =  34.95 /im) 

The  particle  velocities  at  the  surface  for  different  waves  are 
shown  in  Table  I,  all  normalized  to  1  W/m  of  beam  width. 
These  were  obtained  from  a  computer  program  that  deter¬ 
mines  the  velocity  and  field  distributions  of  surface  waves  in 
layered  media. 

R+  refers  to  incident  or  transmitted  forward  traveling 
wave  and  R  refers  to  the  reflected  reverse  traveling  Ray¬ 
leigh  wave  Similarly  S  '  and  S  denote  forward  and  reverse 
traveling  Sezawa  waves.  The  strip  material  in  this  case  is 
ZnO  for  which  we  have  (Eq.  5) 

p  =  5b80  kg/m', 
a,  =  0 

a,  =  1  6x10"  N/m2. 
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Using  Eq.  (8),  we  obtain  the  scattering  elements  [h  is  in 
units  of  angstroms) 

Su=Sn=  =  ->5.55x10  "7A, 

X,(R*) 

S'22  =  S*4=  =  — y5-7^x  10~6a, 


5,,=5,,=5u=54i  = 


=  — >1.329 X  \0~ih. 


5'  1 4  —  -5*4  |  —  $2)  —  Sjj 


d/f  <S*| 
/*,  IRD 


A,{S ' ; 


=  ->1.07x10  'h, 


•5',. =  1  +  1  1  +>8.67xi0- nh, 

■4,(R") 

5': 3  -  =  1  +  =  1  +  >2.67  x  lO-'Vi. 


Figure  3  shows  good  agreement  between  theoretically 
predicted  values  of  S,,(  =  S{}  =  5,4  =  543]  and  experimen¬ 
tally  measured  values  The  agreement  deteriorates  at  higher 
values  of  h,  which  probably  shows  the  inadequacy  of  the  first 
order  model  for  large  groove  depth.  The  first  order  model 
predicts  a  reflection  coefficient  linearly  proportional  to  h 
and  neglects  higher  order  contributions.  At  small  values  of 
h,  the  linear  term  dominates,  but  the  effect  of  higher  order 
terms  becomes  more  pronounced  with  higher  values  of  h. 


III.  SCATTERING  MATRIX  OF  A  GROOVED  ARRAY 
A.  Cascading  procedure 

When  treating  the  entire  array  of  grooves,  the  transmis¬ 
sion  matrix  is  more  useful  since  the  transmission  charactens- 
t ic  for  the  entire  array  can  be  deduced  by  merely  multiplying 
together  the  individual  transmission  matrices. 

With  reference  to  Fig.  2,  the  transmission  matrix  is  de¬ 
fined  as 

u  i  7 1 ,  7 , ;  7 1 ,  /14  o  | 

"4  r:i  r2!  t„  7,4  o2 

6,  7„  r„  r„  r,,  6,  • 

^4 J  L^.  Tti  r4,  r44J  U. 

Die  individual  transmission  matrix  elements  can  be  found 
from  the  scattering  matrix  elements  with  the  help  of  the  rela- 
t Kinships  given  in  the  Appendix.  The  scattering  matrix  ele¬ 
ments  are  determined  in  Sec.  II,  assuming  that  the  wave 
amplitudes  are  all  referred  to  the  center  of  the  strip.  How¬ 
ever.  for  purposes  of  cascading  it  is  better  to  have  <7,  ,a2.  b2,b2 
referred  to  the  output  plane  and  a,,  a4,  6„  b4  referred  to  the 
input  plane  This  can  be  done  by  multiplying  5n ,  5,  „  5,  „  Sn 
hyexpl  7/V),Sj2.S24tS4j,S44byexpl  -  j0sl  land  all  oth¬ 
er  terms  by  expt  -  j0H  l  —  j@^l  i,  where  /  is  the  center-to-cen- 
ter  distance  between  successive  grooves. 

Before  performing  the  final  operation  of  cascading,  a 
glance  at  Fig  4  will  reveal  that  merely  multiplying  the  trans¬ 


FIG  4  Cascading  of  two  successive  scattering  networks 


mission  matrices  will  not  achieve  the  desired  purpose.  This  is 
because  the  outgoing  quantities  from  the  first  network  are  bs 
and  b4  whereas  the  ingoing  quantities  into  the  second 
network  are  a\  ,a'2  rather  than  b\,b\-  Hence,  in  order  to 
achieve  the  desired  cascading,  the  outgoing  b 's  of  the  first 
network  must  be  transformed  to  ingoing  a’s  of  the  second 
network  and  vice  versa.  This  is  easily  achieved  by  introduc¬ 
ing  a  transformation  matrix  [F]  defined  by 


0  0  10 
0  0  0  1 
10  0  0 
0  10  0 
The  cascading  may  now  be  performed  as 

[TU  =  [T\m\V][T)m  ,  \V)[TU. 

where  n  is  the  number  of  strips,  [7‘]  the  transmission  matrix 
for  any  one  strip,  and  [  T  the  overall  transmission  matrix 
for  the  entire  array. 

Next  the  overall  transmission  matrix  is  converted  back 
into  a  scattering  matrix  by  using  the  same  relationships  as  in 
the  Appendix  with  T’ s  and  S’s  interchanged. 

B.  Discussion 

Figure  5  demonstrates  the  excellent  agreement  between 
experimentally  measured  and  theoretically  calculated  values 
of  !542!  (the  magnitude  of  the  ratio  the  transmitted  Sezawa 
wave  to  input  Sezawa  wave  for  the  entire  array)  as  a  function 
of  frequency.  The  same  device  as  previously  described  was 
used  and  the  number  of  strips  was  200.  The  magnitude  of  the 
dip  at  the  center  frequency  was  computed  to  be  —  17.4  dB 
while  it  was  experimentally  measured  as  -  16.5  dB.  The 
magnitude  of  this  dip  depends  on  the  groove  depth  and  in¬ 
creases  with  h. 

Another  diffeience  between  theory  and  experiment  dis¬ 
cerned  in  the  plots  is  that  the  experimental  curve  continu¬ 
ously  "droops”  as  one  goes  farther  from  the  center  frequen- 
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FIG.  5.  Theoretical  and  experimental  plot  of  S4: 
vs  frequency  (A  —  1088  At. 
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cy  1  hiv  is  caused  by  the  transducer  (IDT)  frequency 
response  and  has  rv'tning  to  do  with  the  mode  conversion. 

F  igures  6  and  7  show  the  theoretical  plots  of  |Si;!  and 
S::  versus  frequency.  The  plot  of  S,  J  is  most  interesting 
since  at  the  center  frequency.  1/2  (/9*  +  0x\a  =  tt/2 {a  = 
strip  width  =  1/2  x  period  of  array)  so  that  the  reflected 
Rayleigh  waves  add  in  phase.  This  constructive  interference 
causes  the  plot  of  .S,,1  to  peak  at  152.4  MHz.  For  the  same 
reason  the  plot  of  St:\  dips  at  152.4  MHz.  The  plot  of  S22 
i Fig  7)  shows  no  interesting  features.  This  is  because  Fig.  7 
plots  the  reflected  Sezawa  wave  in  response  to  an  incident 


Sezawa  wave.  These  two  waves  are  not  phase  matched  at  the 
chosen  frequency  and  array  periodicity;  hence,  they  interfere 
destructively  and  decay  out.  (This  is  why  the  levels  are  40  dB 
down).  However,  if  the  frequency  and  array  periodicity  were 
such  that a  =  n/ 2,  then  this  plot  would  show  essentially 
the  same  features  as  Fig.  6. 

IV.  CONCLUSION 

In  this  paper  we  have  presented  a  theoretical  analysis 
based  on  a  first  order  model  for  mode  conversion  between 
Sezawa  and  Rayleigh  modes  produced  by  scattering  in 
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FIG  7  Theoretical  plol  of  S,:!  vs  frequency  \h  —  1088  A|. 
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gunned  arrays.  The  predicted  conversion  coefficient  per 
st rip  and  the  overall  transmission  characteristics  over  a 
broad  range  of  frequencies  are  in  excellent  agreement  with 
experimental  results.  This  indicates  that  the  first-order  mod¬ 
el  presented  here  adequately  describes  the  behavior  of 
grooved  arrays  for  reasonably  small  groove  depths. 
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APPENDIX 

Relationships  between  transmission  matrix  elements 
and  scattering  matrix  elements  for  a  four-port  network.  The 
following  equations  express  T’s  in  terms  of  S’s.  TheS’s  in 
terms  of  T's  are  obtained  by  interchanging  5 ’s  and  T's. 

T  -  :  '  ~  | 

"  s, A, 

7'  -•  5i4522  ~~  -  : 

5|v524  ~  $11$ u 

•S',., 


5 1  *4  5,  ,5,4 

-  -y,4 

5p524  —  S}j$l4 

5;  ,5 1 1  —  -Si  tS:  ( 

5,  .'4  —  5;  ySl4 

•V.--V,2  5|yS-,, 

5  |  K^24  —  vS  ,4 
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=  S)2 
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r»  = 


T,  4  = 


T4  i  —  S4l 
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T42  —  s42 
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T4i  = 


5.u(5|45,| 

—  5245, 1 1 
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•$34  $2$  1  1 

—  5 1  »52 1 ) 
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52j514 
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^33*^24 
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544l52>512 
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SAW  RESONATORS  ON  SILICON  WITH  ZnO  LIMITED  TO  IDT  REGIONS 
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Abstract 


I!  Device  Structure 


Surface  acoustic  wave  resonators  with  ZnO  limited 
to  IDT  regions  are  presented  for  an  externally  coupled 
resonator  configuration.  The  reflection  from  gratings 
consisting  of  grooves  in  both  silicon  and  SitL,  is  dis¬ 
cussed.  Externally  coupled  resonators  with  reflective 
gratings  consisting  of  grooves  etched  in  unoxidized  sili¬ 
con  are  found  to  exhibit  (^-values  in  excess  of  '.’0,000. 


I.  Introduction 

Surface  acoustic  wave  resonators  have  been 
adapted  to  the  ZnO/SiOj/Si  layered  medium 
eonliguration  and  have  previously  Seen  constructed 
using  relleclor  arrays  of  both  isolated  and  shorted 
metal  strips  on  the  surface  of  the  ZnO  as  well  as 
grooves  milled  into  the  ZnO  layer.  Martin  et.al.jlj 
have  shown  that  the  groove  relleclor  tcohtiii]ue  yields 
resonators  whe  h  have  Q  values  of  the  order  of  10,000 
In  this  paper  we  present  resonators  which  consist  of 
ZnO  deposited  only  in  the  transducer  regions  and 
reflector  arrays  of  grooves  milled  into  either  SO_.  or  sil¬ 
icon.  ZnO  Resonators  fabricated  utilizing  this  method 
have  displayed  values  70'  i  higher  than  previously 
obtained.  Resides  increasing  the  Q  of  the  resonator,  an 
additional  benefit  of  tins  type  of  resonator  is  that  there 
is  a  minimum  amount  of  chip  area  that  needs  to  be 
exposed  to  ZnO  sputtering  damage. 

Resonators  constructed  in  the  ZnO/SiOj/Si  lay¬ 
ered  configuration  have  exhibited  favorable  ageing 
charaeteris'ics  and  have  been  fabricated  with  tempera¬ 
ture  stability  which  is  competi  tive  with  tha*  of  rjuartz 
r>  sona'or-  'if  The  motivation  behind  using  silicon  sub¬ 
strates  lies  in  the  possibility  "f  incorporating  these  dev¬ 
il  cs  as  on-chip,  rather  than  discrete  circuit  components 
as  well  as  the  fact  that  fabre  at  ion  lei  (inepies  arc  com¬ 
patible  with  those  of  current  integrated  v  irenit  fabrica¬ 
tion  technology. 

Advantages  associated  with  ’his  device  structure, 
where  the  ZnO  underlies  only,  the  transducers  are 
presenter!  in  section  I!  Tim  reflectivity  of  e-ooves  in 
ZnO,  SiO.,.  and  silicon  arc  presented  in  section  111  fol¬ 
lowed  hv  experimental  results  which  appear  in  section 
IV  Fabrication  tcchnii|U«-s  associated  with  this  device 
eonliguration  are  considered  in  section  V 


•  (’resent  address:  Sandia  Laboratories,  All>ui|uer'pie, 
New  Me\ ico 


A  schematic  of  the  externally  coupled  ZnO  resona¬ 
tor  having  etched  groove  reflectors  m  Si(;„  ts  shown  i’i 
Figure  1.  One  will  note  the  transducer  regions  are  the 
only  places  where  ZnO  is  to  be  found.  I  licse  /n<  ’ 
regions  can  he  defined  either  by  <  luumcaHy  etching  '■ 
ZnO  layer  or  by  using  a  shield  during  Hie  spiiteriug 
process.  An  advantage  of  the  latt-T  t  -vliu hjii <*  is  that 
sputtering  damage  can  be  restricted  to  a  minimum  area 
of  the  wafer. 

A  feature  associated  with  the  growth  of  thin  films 
is  the  possibility  of  some  nonuniformity  in  thickness 
over  a  sample.  In  fabricating  resonators  using  etcher; 
grooves  in  the  ZnO  layer,  it  is  important  to  maintain 
good  control  of  the  film  thickness  in  the  grating  region; 
this  is  e-,  ,‘cially  important  due  to  the  velocity  gradient 
associated  with  a  change  in  film  thickness  of  th<  disper¬ 
sive  ZnO  layer.  The  velocity  gradient  can  both 
degrade  the  reflection  magnitude  and  increase  the 
bandwidth  of  a  reflective  array.  The  noiiunifornuty 
problem  is  alleviated  in  dcvi'-cs  constructed  Using 
grooves  in  silicon  or  grooves  in  Si( )..  where  the  disper¬ 
sion  is  considered  negligible. 

Perhaps  the  most  important  reason  for  employing 
the  propos  ’d  configuration  without  ZnO  in  the  reflector 
grating  region  is  to  reduce  propagation  loss  associated 
with  the  ZnO  film  Reymators  constructed  using 
grooves  etched  in  the  ZnO  'aver  exhibit  O  values  wan  a 
ire  limited  by  propagation  loss  in  tin-  ZnO  1  ’•>  elimi¬ 
nation  of  the  ZnO  layer  in  the  grating  regions,  one 
anticipates  a  significant  improvement  in  O  Propaga¬ 
tion  loss  is  related  to  O  via  the  relationship. 


where  a  is  t h*-  propagation  loss  per  unit  length  and  X  's 
the  wavelength 


Fig  1.  Externally  coupled  SAW  resonator  emp'oymg 
reflective  gratings  of  grooves  etched  into  s •< X,  and  ZnO 
limited  to  i In-  transducer  regions. 
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III.  Reflector  Array  Characteristics 

A  series  of  experiments  involving  the  measurement 
of  the  transmission  through  reflector  arrays  of  -100  lon- 
ttilllei!  grooves  were  performed  to  determine  the 
reflectivity  per  groove  for  var-  us  values  of  groove 
depth  A  plot  of  reflectivity  per  periodic  section  versus 
normalized  groove  depth,  hk.  is  shown  m  Figure  2. 
I  experimental  points  together  with  a  theoretical  curve 
for  grooves  both  m  .silicon  and  Si()2  indicate  that 
experimental  results  appear  to  be  in  close  agreement 
with  theory. [3,1]  Also  included  in  the  figure  is  a  line 
showing  experimental  reflectivity  data  for  grooves 
etched  into  the  surface  of  a  0.7  fim  ZnO  film  on  3.05 
//m  s<().,  as  previously  reported  '51  All  measurements 
.ml  predictions  are  for  (till  rut  propagation 

diree’ioii  silicon  substrates  Clearly,  by  elimination  of 
the  Zn<>  layer  in  the  grating  region,  one  must  use 
deeper  grooves,  more  reflectors,  or  a  combination  of 
these  two  to  obtain  the  satin'  amount  of  reflection  from 
a  grating  etched  into  silicon  or  S|02.  An  increase  in 
tin'  groove  depth  will  eventually  decrease  Q  due  to 
scattering  into  hulk  modes,  whereas  an  increase  in  the 
number  of  reflectors  per  grating  will  increase  the 
effective  cavity  length  and  hence,  raise  the  Q  at  the 
expense  of  an  increased  device  size. 


fig  Reflectivity  per  groove  vs.  normalized  groove 
depth  for  the  following  configurations: 

A}  (Grooves  in  0  7  //m  ZnO  on  3.05  //m  Si02, 

I'd  Grooves  in  3  05  pm  SiO._, 

C|  Grooves  m  unoxidi/ed  silicon. 

A'!  substrates  are  (111)  cut  silicon,  <  _M  t  >  propaga- 

' .  n  direct  ion. 

I\'.  I.’xperimental  Results 

I  ho  transmission  response  of  an  externally  coupled 
rr-i'in’iir  const rm't<'d  with  0  30  pm  grooves  in  unoxi- 
■  !./•"!  silicon  is  shown  in  Figure  3.  The  cavity  spacing 
between  reflective  gratings  o  2 7  wavelengths  and  the 
'  aperture  is  ,i0  vva veleiig! /is  ')'/)/•  O  » f  tins  dev- 
:  •  is  jt  .100  which  is  70' 7  higher  than  f-T  a  device  of 
j ■  i .i I  dimensions  fabricated  with  grooves  m  ZnO.  An 
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Fig.  3.  Transmission  response  of  an  externally  coupled 
resonator  with  0.30  pm  grooves  in  unoxidize/1  silicon. 

externally  coupled  resonator  constructed  using  grooves 
in  SiO.>  was  found  to  have  a  Q  of  17,400  at  1 10  Nil  I z . 

These  results  show  a  significant  improvement  in  Q 
for  the  resonator  configuration  presented  compared 
with  those  constructed  with  grooves  in  the  ZnO  layer. 

Preliminary  results  for  an  internally  coupled  trans¬ 
ducer  configuration  have  been  examined  with  ZnO  lim¬ 
ited  to  the  transducer  region.  A  distinctive  feature  of 
this  type  of  resonator  is  that  of  an  abrupt  step  at  the 
edge  of  the  transducer  region  caused  by  etching  away 
the  ZnO.  Of  course  with  a  thick  film  one  would  expect 
a  large  reflection  from  this  discontinuity  since,  to  first 
order,  the  reflection  at  such  a  discontinuity  would  be 

proportional  to  — ,  where  h  is  the  step  height.  How¬ 
ever,  in  a  device  with  a  ZnO  thickness  of  0.7  pm  and  a 

wavelength  or  10.61  pm,  —  —  0.017  and  calculations 

\ 

[3]  predict  a  reflectivity  at  the  stop  on  the  order  of  four 
percent. 

Measurements  on  internally  coupled  resonators 
indicate  that  the  step  is  not  a  major  impediment  to 
obtaining  acceptable  resonator  performance  in  thin  film 
devices;  a  taper  is  not  required.  Several  configurations 
fur  internally  coupled  resonators  are  under  examina¬ 
tion,  and  results  will  be  reported  in  future  publications. 


V.  Fabrication  Techniques 

Fabrication  of  the  resonators  under  consideration 
involves  a  slightly  different  procedure  than  used  in  pre¬ 
viously  described  on-silicon  SAW  resonators  since  the 
relle-tive  grating  and  the  transducers  are  no  longer  m 
the  same  plane  The  processing  steps  will  be  ou1  lined 
below  with  the  aid  of  Figure  4. 

Step  (a):  Fvaporate  a  0.1  pm  aluminum  layer 
atop  *h"  silicon  or  Si02  layer.  The  purpose  of  this 
layer  is  to  serve  as  a  short  mg  jdane  beneath  the  trans¬ 
ducers  This  layer  enhances - as  well  as  siimlds  the 
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Fig  1  Fabrication  steps  for  SAW  resonators  with  ZnO 
only  in  the  transducer  regions.  Steps  (a)-(f)  are 
described  in  section  V  above. 

mobile  charge  carriers  in  the  silicon  from  the  electric 
fields  associated  with  the  piezoelectric  ZnO  layer. 
Diode  sputter  a  0.7  pm  ZnO  film.  Cover  with  pine 
toresist  ind  expose  a  pattern  which  leaves  photoresist 
where  the  transducers  will  be 

Step  (b):  Etch  away  the  exposed  ZnO  using  a 
dilute  nitric  acid  solution  and  strip  photoresist. 

Step  (e)  Evaporate  a  0  2  /nn  layer  aluminum  over 
i  he  sample 

Step  id):  Spin  a  layer  of  photoresist,  then  expose 
and  develop  the  resonator  pattern  (transducers  and 


grating).  Etch  the  resonator  pattern  in  the  aluminum 
and  strip  the  photoresist. 

Step  (e):  Cover  the  transducer  regions  with  pho¬ 
toresist.  Boil  in  de-ionized  water  for  10  minutes  to 
form  an  AI*Oj  layer  on  the  grating  aliiiiiinum.lt)1  lit-  h 
reflector  grooves  using  an  ion  milling  machine  The 
purpose  of  the  alumina  layer  is  that  alumina  etches  at 
a  rate  approximately  four  times  slower  than  aluminum, 
silicon,  and  S K ).>.  which  all  have  comparable  etch  rates 
This  is  important  since  deeper  grooves  are  necessary  to 
obtain  the  same  reflectivity  for  grooves  etched  in  ZnO 
devices  as  mentioned  earlier.  The  presence  of  the 
alumina,  then,  allows  one  to  etch  deep  grooves  without 
an  excessively  thick  aluminum  mask. 

Step  If):  Chemically  e'eli  the  remaining  grating 
mask  material  and  strip  the  photoresist. 


VI.  Conclusions 

It  has  been  shown  that  resonators  can  be  fabri¬ 
cated  with  ZnO  limited  to  the  transducer  regions  only 
and  that  such  devices  exhibit  high  Q  values  for 
reflector  arrays  etched  in  both  silicon  and  Si02. 

The  authors  wish  to  thank  Dr.  R.  Razouk  and 
Marianne  Brenner  of  Fairchild  for  growing  the  thick 
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